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Abstract	Metazoan	 multicellularity	 required	 the	 evolution	 of	 cellular	 processes	 such	 as	 cell	differentiation,	 cell-cell	 adhesion	 and	 communication,	 along	with	 complex	 gene	 regulatory	networks	and	the	emergence	of	a	stem	cell	system.	Choanocytes,	the	collared	feeding	cells	in	sponges,	 have	 been	 extensively	 compared	 to	 choanoflagellates,	 the	 closest	 sister	 group	 to	metazoans	due	 to	 their	morphological	 similarities	 and	 their	 capacity	 to	 form	multicellular	structures.	 Recently	 available	 genomic	 and	 transcriptomic	 data	 alongside	 observational	studies	on	the	multicellular	colonies	in	choanoflagellate	Salpingoeca	rosetta,	revealed	many	genes	shared	with	metazoans	are	upregulated	only	when	the	S.	rosetta	cells	 form	colonies,	while	 there	 has	 been	 little	 progress	 made	 on	 understanding	 the	 development	 of	 sponge	choanocyte	chambers.	Choanocytes	have	also	been	suggested	as	playing	a	part	in	the	sponge	stem	cell	system,	but	again,	there	is	limited	knowledge	on	their	general	biology.	To	expand	our	understanding	on	this	unique	feeding	cell	that	has	potential	stem	cell	capacities	as	well	as	 a	 long-suggested	 homology	 with	 a	 closely	 related	 unicellular	 holozoan,	 I	 investigated	molecular	 mechanisms	 underlying	 the	 development	 and	 maintenance	 of	 choanocyte	chambers	in	the	demosponge	Amphimedon	queenslandica.			During	my	PhD,	I	have	documented	the	formation	and	maintenance	of	choanocyte	chambers	in	 detail	 using	 cell	 trackers	 and	proliferation	 assays,	 showing	 their	 dynamic	nature	 in	 the	sponge	body	as	part	of	the	stem	cell	system.	Contrary	to	previous	studies	in	sponges	as	well	as	choanoflagellates,	I	found	that	choanocyte	chamber	development	is	not	always	clonal,	and	a	 chamber	 is	 not	 always	 comprised	 of	 a	 clonal	 cell	 population.	 After	 metamorphosis,	choanocytes	in	these	chambers	are	also	capable	of	dedifferentiating	into	archeocytes,	which	can	subsequently	differentiate	into	multiple	cell	types	including	new	choanocyte	chambers.	I	propose	that	choanocyte	chambers	in	A.	queenslandica	are	playing	a	central	role	in	the	stem	cell	system,	increasing	and	maintaining	the	stem	cell	population.	I	have	also	identified	genes	uniquely	 expressed	 in	 choanocytes,	 as	 well	 as	 archeocytes	 (primary	 stem	 cells)	 and	pinacocytes	 (epithelial	 cells)	 by	 manually	 isolating	 these	 cell	 types	 from	 adult	 sponges,	which	was	sequenced	using	CEL-Seq.	From	this,	I	have	obtained	a	reliable	transcriptome	for	three	major	 cell	 types	 comprising	 the	 sponge	 body	 plan.	 A	 number	 of	 analyses	 on	 the	A.	
queenslandica	 choanocyte	 transcriptome	 and	 publicly	 available	 choanoflagellate	 datasets,	show	 no	 strong	 evidence	 of	 a	 shared	 gene	 repertoire	 between	 choanocytes	 and	choanoflagellates.	 This	 thesis	 provides	 a	 detailed	 documentation	 of	 choanocyte	 chambers	and	 their	 biology	 in	 the	 sponge	 body,	 along	 with	 developing	 a	 number	 of	 lab-based	
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techniques	and	 cell-type	 specific	 transcriptomes	 to	be	utilized	 for	 further	 investigation	on	the	sponge	stem	cell	system	and	the	evolution	of	metazoan	multicellularity.	
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Chapter	1:	General	Introduction	
1.1	The	evolution	of	metazoan	multicellularity	
		 Given	the	success	and	abundance	of	multicellular	organisms	in	the	world	today,	there	appear	to	be	many	benefits	associated	with	the	transition	to	multicellularity	(Bonner,	2000;	King,	 2004;	 Grosberg	 and	 Strathmann,	 2007;	 Knoll,	 2011;	 Parfrey	 and	 Lahr,	 2013).	 The	evolution	of	multicellularity	occurred	numerous	times	within	eukaryotes	(at	least	26	reported	cases	 (Grosberg	 and	 Strathmann,	 2007;	 Parfrey	 and	 Lahr,	 2013),	 although	 many	 of	 these	evolutionary	events	are	represented	by	simple	multicellular	behaviors	(i.e.	cell	adhesion,	cell-cell	 communication	 and	 coordination,	 programmed	 cell	 death	 and	 temporal	 cellular	differentiation).	Complex	multicellularity,	hallmarked	by	not	only	temporal	but	also	extensive	spatial	 cellular	 differentiation,	 arose	 independently	 in	 seven	 different	 groups	 including	animals,	 plants,	 slime	 molds,	 fungi,	 and	 red	 and	 brown	 algae	 (Bonner,	 1998;	 King,	 2004;	Grosberg	 and	 Strathmann,	 2007;	 Rokas,	 2008a;	 Rokas,	 2008b;	 Knoll,	 2011;	 Niklas	 and	Newman,	2013).	The	most	important	benefits	of	multicellularity	are	likely	to	be	larger	body	sizes	 and	 the	 division	 of	 labor	 amongst	 constituent	 cells,	 thus	 increasing	 in	 functional	specialization	 (Grosberg	 and	 Strathmann,	 2007).	 The	 transition	 from	 a	 unicellular	 to	 a	complex	multicellular	organism	requires	that	a	number	of	barriers	be	overcome.	For	example,	it	 is	 necessary	 to	 evolve	 key	 cellular	 processes	 and	 capabilities	 such	 as	 cell-cell	 adhesion,	intercellular	 communication,	 cell	 differentiation	 and	 programmed	 cell	 death,	 as	 well	 as	genetic	mechanisms	to	control	these	processes	both	spatially	and	temporally	(Grosberg	and	Strathmann,	2007;	Nielsen,	2008;	Rokas,	2008b).			 Metazoans	are	multicellular	eukaryotic	heterotrophs	that	evolved	from	a	single-celled	ancestor	 (Wainright	 et	 al.,	 1993).	 Since	 the	 first	 mention	 of	 their	 shared	 ancestry	 with	unicellular	protists	by	Haeckel	in	1874,	it	has	been	the	'holy	grail'	for	evolutionary	biologists	to	understand	the	origin	and	evolution	of	metazoan	multicellularity.	Adult	animal	body	plans	range	from	the	relatively	simple,	such	as	sponges,	to	the	highly	complex,	such	as	mollusks	and	vertebrates.	 Despite	 the	 extreme	 diversity	 and	 differences	 in	 body	 plan	 complexity,	 all	metazoans	develop	from	a	single	cell	via	the	use	of	similar,	conserved	molecular	and	cellular	mechanisms	 (Alberts	 et	 al.,	 2002;	 Davidson	 and	 Erwin,	 2006;	 Schwaiger	 et	 al.,	 2014;	Fortunato	 et	 al.,	 2015),	 including	 controlled	 cell	 proliferation,	 differentiation,	 growth	 and	
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death	(apoptosis)	(Grosberg	and	Strathmann,	2007;	Rokas,	2008b;	Srivastava,	2015).	These,	and	other	cellular	and	developmental	processes	in	animals,	are	underpinned	by	complex	gene	regulatory	 networks	 that	 consist	 of	 proteins	 that	 control	 gene	 transcription	 (transcription	factors)	 and	 their	 DNA	 targets,	 which	 control	 the	 spatial	 and	 temporal	 expression	 of	individual	 genes	 (Erwin	 and	 Davidson,	 2002;	 Hsia	 and	 McGinnis,	 2003;	 Davidson,	 2006a;	Bernstein	 et	 al.,	 2007;	 Vaquerizas	 et	 al.,	 2009;	 Levine,	 2010).	 Studies	 on	 these	 conserved	regulatory	networks	have,	and	will	continue	to	provide	us	with	a	clearer	picture	of	not	only	the	evolution	of	development	within	metazoans,	but	also	 the	origin	of	multicellular	animals	(Davidson	 et	 al.,	 1998;	 Davidson,	 2006b;	 Degnan	 et	 al.,	 2009;	 Erwin	 and	 Davidson,	 2009;	Fortunato	et	al.,	2015;	Suga	and	Ruiz-Trillo,	2015;	Sebe-Pedros	et	al.,	2016).			 The	major	components	of	metazoan	developmental	gene	regulatory	networks	are	the	broadly	 conserved	signaling	pathways	 [e.g.	Wnt/β-catenin,	 transforming	growth	 factor	beta	(TGF-β),	 Notch/delta,	 receptor	 tyrosine	 kinases	 (RTKs)]	 and	 transcription	 factors	 (e.g.	homeobox,	basic	helix-loop-helix	(bHLH),	basic	leucine	zipper	(bZIP),	T-box)	(Kusserow	et	al.,	2005;	Nichols	et	al.,	2006;	Richards	and	Degnan,	2009;	Tanizawa	et	al.,	2010;	Adamska	et	al.,	2011;	Alegado	et	al.,	2012;	Roper	et	al.,	2013;	Adamska,	2015).	These	components	are	crucial	in	development	and	maintenance	of	animals	(e.g.	axis/body	plan	formation,	morphogenesis,	and	 cell	 differentiation,	 proliferation	 and	 apoptosis),	 and	were	 considered	 to	 be	metazoan-specific	 innovations	 (i.e.	 not	 found	 in	 any	 non-metazoan	 organisms)	 (Rokas,	 2008b;	Srivastava	et	al.,	2010).	As	more	genomic	data	become	available	across	unicellular	holozoans	(Figure	1.1),	there	is	increasing	evidence	that	many	components	of	these	pathways	antedate	the	 emergence	 of	 metazoan	 multicellularity,	 suggesting	 that	 rather	 than	 a	 burst	 of	 gene	innovation	and	expansion,	the	integration	of	pre-existing	genes	into	regulatory	networks	and	the	 co-option	of	 these	 components	were	key	 for	 the	 transition	 to	metazoan	multicellularity	(King	 et	 al.,	 2008;	 Rokas,	 2008b;	 Peter	 and	 Davidson,	 2011;	 Sebe-Pedros	 et	 al.,	 2011;	Fairclough	et	al.,	2013;	Suga	et	al.,	2013;	Villar	et	al.,	2014;	Sebe-Pedros	et	al.,	2016).				 To	 unravel	 the	 steps	 required	 for	 the	 evolution	 of	 metazoan	 multicellularity,	 it	 is	crucial	 to	 conduct	 comparative	 studies	 between	 extant	 metazoans	 and	 closely	 related	unicellular	 species.	 Previously,	 the	 phylogeny	 of	 holozoans,	 especially	 between	 the	 three	unicellular	 phyla	most	 closely	 related	 to	metazoans	 was	 unclear	 due	 to	 limited	 taxonomic	sampling	 and	 sequencing	 (Lang	 et	 al.,	 2002;	 Ragan	 et	 al.,	 2003;	Moreira	 et	 al.,	 2007;	 Ruiz-Trillo	et	al.,	2007).	With	increasing	availability	of	genomic	data	from	extant	unicellular	species	
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(largely	 owing	 to	 the	 multi-taxon	 genome-sequencing	 initiative:	 UNICORN	 (unicellular	opisthokont	 research	 initiative)	 (Ruiz-Trillo	 et	 al.,	 2007),	 it	 is	 currently	 understood	 that	within	 holozoans,	 ichthyosporeans	 diverged	 first,	 followed	 by	 filastereans,	 making	choanoflagellates	 the	closest	 sister	group	 to	 the	metazoans	 (Fig.	1)	 (Ruiz-Trillo	et	al.,	2008;	Torruella	et	al.,	2012;	Paps	et	al.,	2013;	Suga	and	Ruiz-Trillo,	2015).				 Major	 insights	 into	 pre-metazoan	 evolution	 resulted	 from	 the	 sequencing	 of	 two	holozoan	genomes.	The	genome	of	the	choanoflagellate	Monosiga	brevicollis	contains	protein	domains	associated	with	cell-cell	 signaling	and	adhesion	(e.g.	 tyrosine	kinase,	cadherin,	and	hedgehog)	crucial	for	extra-	and	intracellular	signaling	(Gerard	et	al.,	2008;	King	et	al.,	2008).	The	 recently	 sequenced	genome	of	 the	 filasterean	Capsaspora	owczarzaki	 has	 revealed	 that	the	 unicellular	 ancestors	 possessed	 an	 extensive	 repertoire	 of	 cell	 adhesion	 associated	proteins	 and	 transcription	 factors	 [e.g.	 bHLH,	 T-box,	 signal	 transduction	 and	 transcription	(STAT)]	(Suga	et	al.,	2013).	These	studies	reveal	a	variety	of	 "metazoan-specific"	regulatory	genes	that	antedate	the	metazoan	ancestor,	although	it	is	unclear	whether	the	metazoan-like	regulatory	networks	function	in	the	same	way	and	perform	the	same	roles	as	those	observed	in	extant	animals	(Fairclough	et	al.,	2013;	Suga	et	al.,	2013).	However,	alongside	these	findings	in	 genomic	 studies,	 there	 are	 also	 observations	 that	 these	 closely	 related	 unicellular	organisms	exhibit	multicellular	behaviors	[eg.	choanoflagellates	(Dayel	et	al.,	2011;	Woznica	et	 al.,	 2016),	 ichthyosporeans	 (Suga	 and	 Ruiz-Trillo,	 2013;	 de	 Mendoza	 et	 al.,	 2015)	 and	filastereans	(Sebé-Pedrós	et	al.,	2013;	Sebe-Pedros	et	al.,	2016)].	These	behaviors	are	outlined	below,	along	with	a	description	of	the	development	of	multicellularity	in	metazoans.		
1.2	Unicellular	holozoans	and	the	different	modes	of	creating	multicellular	structures	
1.2.1	Serial	cell	division	in	the	choanoflagellate	Salpingoeca	rosetta	
		 Choanoflagellates	are	single-celled	organisms	considered	to	be	the	sister	group	to	the	metazoans	 (Figure	 1.1)	 (King,	 2004;	 King	 et	 al.,	 2008).	 They	 typically	 possess	 an	 apical	flagellum	 on	 the	 cell	 body	with	 a	 surrounding	 collar	 of	microvilli	 (James-Clark,	 1866),	 and	although	 they	 are	 unicellular	 protists,	 many	 species	 are	 capable	 of	 forming	 multicellular	colonies	(Saville-Kent,	1880;	Leadbeater,	1983).	This,	and	their	phylogenetic	position	sister	to	metazoans,	 has	 lead	 to	 the	 hypothesis	 that	 similar	 events	 to	 those	 involved	 in	 colony	
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formation	 may	 have	 facilitated	 the	 evolution	 of	 metazoan	 multicellularity	 (Nielsen,	 2008;	Richter	and	King,	2013).				 The	 best-studied	 choanoflagellate	 species	 is	 Salpingoeca	 rosetta,	 which	 forms	multicellular	colonies	via	cell	division	from	a	single	cell	(Fairclough	et	al.,	2010).	This	species	can	undergo	cell	differentiation	 into	at	 least	 five	 cell	 types	 including	 three	 solitary	and	 two	colonial	 forms	 in	 response	 to	environmental	 signals	 (Dayel	et	al.,	2011).	One	of	 these	 three	solitary	 cell	 types	 is	 the	 slow	 swimmer,	 which	 is	 capable	 of	 forming	 either	 a	 chain	 colony	(single	 line	 of	 cells)	 or	 a	 rosette	 colony	 (spherical	 colony	 of	 cells	 with	 cell	 bodies	 facing	inward).	These	colonies	form	and	grow	by	asynchronous	cell	division;	there	is	no	evidence	of	cell	aggregation	or	recruitment	(Fairclough	et	al.,	2010).	They	are	connected	by	a	continuous	cell	 membrane	 resembling	 that	 of	 the	 intercellular	 bridges	 in	 animal	 spermatogonia	(Greenbaum	 et	 al.,	 2007)	 and	 oogonia	 (Ong	 and	 Tan,	 2010),	 suggesting	 these	 colonies	 are	forming	via	serial	incomplete	cell	division	(Dayel	et	al.,	2011).	Formation	of	these	colonies	can	be	induced	by	the	bacterium	Algoriphagus	machipongonensis	(Alegado	et	al.,	2011;	Alegado	et	al.,	 2012),	 with	 a	 recent	 study	 successfully	 isolating	 three	 different	 lipids	 produced	 by	 A.	
machipongonensis	that	act	as	an	activator,	an	inhibitor,	and	a	synergistic	enhancer	for	rosette	colony	 formation	 in	 S.	 rosetta	 (Woznica	 et	 al.,	 2016).	 Since	 the	 involvement	 of	 bacteria	 in	developmental	 processes	 is	 widespread	 amongst	 animals,	 there	 is	 now	 speculation	 that	bacterial	cues	could	have	played	a	crucial	role	 in	the	transition	to	metazoan	multicellularity	(McFall-Ngai	et	al.,	2013;	Alegado	and	King,	2014;	Woznica	et	al.,	2016).  
 
1.2.2	Spontaneous	aggregation	of	multiple	cells	in	the	filasterean	Capsaspora	
owczarzaki			 Filastereans	are	more	distantly	related	to	metazoans	than	choanoflagellates,	but	more	closely	 related	 than	 ichthyosporeans	 (Figure	 1.1;	 Torruella	 et	 al.,	 2012;	 Paps	 et	 al.,	 2013).	Filasterea	includes	Capsaspora	owkzarzaki,	an	endosymbiont	of	a	freshwater	snail	(Stibbs	et	al.,	 1979;	 Owczarzak	 et	 al.,	 1980).	 This	 filasterean	 has	 three	 distinct	 stages	 consisting	 of	 a	filopodial	 stage	 (amoeboid	 cells	with	 long	 filopodia),	 a	 cystic	 stage	 (a	 smaller	 spherical	 cell	without	 filopodia),	 and	a	multicellular	aggregative	 stage.	The	aggregative	 stage	 forms	when	individual	 filopodial	 cells	 lose	 their	 filopodia	 and	 attach	 to	 each	 other	 via	 secretion	 of	extracellular	material	 (Sebé-Pedrós	et	al.,	2013)	Although	these	aggregations	are	not	clonal,	they	 utilize	 signaling	 and	 cell-adhesion	 proteins	 associated	 with	 clonal	 development	 in	
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metazoans,	 showing	 unexpected	 similarity	 between	 clonal	 and	 non-clonal	 multicellular	structures	(Sebé-Pedrós	et	al.,	2013).				 In	recent	years,	the	tools	available	for	C.	owczarzaki	have	rapidly	advanced,	developing	the	 first	 complete	 functional	 genomic	 platform	 (consisting	 of	 a	 genome,	 transcriptome	 and	proteome)	in	a	unicellular	holozoan	system	(Sebe-Pedros	et	al.,	2016).	This	type	of	resource,	which	 has	 only	 been	 available	 for	 a	 number	 of	 model	 systems	 (Ho	 et	 al.,	 2014),	 enables	investigation	of	the	dynamics	between	the	genome	and	gene	regulatory	networks	underlying	the	biology	of	this	holozoan.	The	C.	owczarzaki	genome	is	relatively	compact	(28	Mb;	Suga	et	al.	2013),	but	 functional	genomic	studies	have	revealed	 that	more	 than	90%	of	 the	genome	consists	of	either	protein	coding	regions,	long	non-coding	RNAs	(lncRNAs),	distinct	chromatin	states	 and	 cis-regulatory	 sites	 (Sebe-Pedros	 et	 al.,	 2016).	 The	 results	 show	 a	 complex	regulatory	network	existing	in	a	unicellular	protist.	In	addition,	there	is	a	surprising	level	of	conservation	with	metazoans	 in	 the	 regulatory	 network	 components	 of	Myc	 and	Brachyury	transcription	 factors,	 which	 bind	 to	 enhancers	 and	 regulate	 the	 transcription	 of	 important	developmental	 processes	 related	 to	 proliferation	 and	 gastrulation	 in	 metazoans	 (Hurlin,	2013;	Lolas	et	al.,	2014).	The	main	difference	observed	between	C.	owczarzaki	and	metazoan	genome	structure	was	 the	absence	of	 long-distance	enhancers	 and	 two	 types	of	promoters,	further	supporting	the	notion	that	rather	than	gene	innovation,	an	increase	in	complexity	of	the	regulatory	genome	via	co-option	and	development	of	new	regulatory	mechanisms	was	the	key	step	in	the	evolution	of	metazoan	multicellularity	(Sebe-Pedros	et	al.,	2016).		
1.2.3	Cellularisation	of	a	syncytium	as	observed	in	the	ichthyosporean	Creolimax	
fragrantissima			 Ichthyosporeans	are	mainly	parasitic	protists	considered	to	be	the	earliest	branching	holozoan	 group	 (Figure	 1.1).	 Ichthyosporeans	 consist	 of	 two	 orders;	 Dermocystida	 and	Ichthyophonida.	Observations	under	cultured	conditions	have	been	conducted	on	two	species	from	 Ichthyophonida:	 Creolimax	 fragrantissima	 (Marshall	 et	 al.,	 2008),	 and	 Sphaeroforma	
arctica	(Jøstensen	et	 al.,	 2002).	Their	 cells	have	a	 spherical	or	ovoid	 cell	 shape,	 and	a	 large	central	 vacuole	 (Marshall	 et	 al.,	 2008).	 The	 ichthyosporean	 C.	 fragrantissima	 first	 forms	multinucleate	 syncytial	 colonies	 by	 synchronous	 nuclear	 division,	 and	 then	 becomes	cellularised	 (Suga	 and	 Ruiz-Trillo,	 2013).	 Colony	 formation	 via	 syncytia	 is	 found	 in	 other	organisms	including	fungi	and	slime	molds,	as	well	as	during	the	development	of	metazoans	
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such	 as	 the	 multinucleate	 glass	 sponges	 (Leys	 and	 Ereskovsky,	 2006;	 Chen	 et	 al.,	 2007;	Grosberg	and	Strathmann,	2007;	Brown	et	al.,	2012).	The	genomes	of	both	C.	fragrantissima	and	S.	arctica	are	currently	being	sequenced	and	assembled,	with	progress	so	 far	 indicating	the	 presence	 of	 a	 number	 of	 genes	 crucial	 for	 metazoan	multicellular	 development	 (Sebé-Pedrós	 and	Ruiz-Trillo,	 2010;	 Suga	 et	 al.,	 2014).	 Transgenesis	 via	 electroporation	 and	 gene	silencing	using	siRNA	and	morpholinos	have	been	successful	in	C.	fragrantissima,	although	the	results	are	preliminary	and	increases	in	efficiency	are	required.	Both	techniques	are	essential	tools	 to	 identify	 conserved	 components	 of	 holozoan	 gene	 regulatory	 networks	 (Suga	 and	Ruiz-Trillo,	2013).		
1.2.4	Development	of	multicellular	structures	in	metazoans			 Rapid	progress	on	both	experimental	and	genomic	fronts	in	unicellular	holozoans	has	enabled	comparative	analyses	into	the	requirements	for	multicellularity	in	these	lineages,	and	may	 also	 provide	 insight	 into	 the	 steps	 required	 for	 the	 transition	 to	 multicellularity	 in	metazoans	themselves	(Fairclough	et	al.,	2013;	Sebé-Pedrós	et	al.,	2013;	Suga	and	Ruiz-Trillo,	2013;	 de	Mendoza	 et	 al.,	 2015;	 Sebe-Pedros	 et	 al.,	 2016;	Woznica	 et	 al.,	 2016).	 Given	 that	multicellularity	is	generated	by	different	methods	in	each	group,	it	is	important	to	investigate	whether	 the	 first	 multicellular	 metazoan	 ancestor	 utilized	 any	 one	 of	 these	 methods.	However,	 at	 this	 point	 it	 remains	 unclear	 whether	 the	 last	 common	 ancestor	 of	choanoflagellates	and	metazoans	formed	multicellular	units	(Grosberg	and	Strathmann,	2007;	Carr	et	al.,	2008;	Nitsche	et	al.,	2011;	Fairclough	et	al.,	2013).			 Adding	 to	 the	 difficulty	 of	 investigating	 the	 evolution	 of	metazoan	multicellularity	 is	that	all	 three	of	 the	potential	mechanisms	 (serial	 cell-	or	nuclear	division,	and	aggregation)	are	 observed	 in	 the	 development	 of	 various	 species	 and	 structures,	 hence	 none	 of	 these	potential	mechanisms	 should	 be	 ruled	 out	 as	 being	 ancestral	 (Leys	 and	 Ereskovsky,	 2006;	Chen	 et	 al.,	 2007).	 Development	 in	 metazoans	 is	 mostly	 clonal,	 hence	 metazoan	multicellularity	is	largely	considered	to	have	arisen	through	serial	cell	division	(Grosberg	and	Strathmann,	 2007;	 Newman,	 2012).	 However,	 cells	 exhibiting	 aggregative	 behaviors	 have	been	 observed	 in	 metazoans	 as	 well	 (e.g.	 germ	 line	 cells	 in	 frog	 embryos	 (Savage	 and	Danilchik,	1993)	and	mesenchymal	cells	in	mouse	embryos	(O'Shea,	1987).	Perhaps	the	most	widely-known	 and	 appreciated	 aggregation	 process	 comes	 from	 the	 classic	 dissociation	experiment	of	sponge	cells	conducted	by	Wilson	(1907b,	a).	In	these	studies,	the	sponge	was	
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cut	 into	pieces	and	strained	 through	 fine	bolting	cloth	 to	mechanically	dissociate	 individual	cells.	These	cells	ultimately	reaggregated	to	form	a	new	individual,	which	demonstrated	that	aggregating	 sponge	 cells	 can	 both	 differentiate	 and	 undergo	 self/non-self	 recognition.	 A	recent	 study	 by	 Eerkes-Medrano	 et	 al.	 (2015)	 tested	 this	 on	 multiple	 sponge	 species	 and	found	 that	 although	most	 species	 can	 form	aggregates	 from	dissociated	 cells,	 only	 a	 few	of	them	are	capable	of	developing	into	functional	individuals	by	reaggregation.	This	revealed	a	number	of	crucial	checkpoints	in	sponge	development	following	dissociation,	with	the	study	concluding	the	ability	of	a	sponge	species	to	reaggregate	into	a	functional	individual	depends	on	 their	 regenerative	 capacities	 and	 growth	 form	 characteristics	 (Eerkes-Medrano	 et	 al.,	2015).				 From	an	evolutionary	perspective,	aggregative	colonies	are	considered	unstable	due	to	high	genetic	variance,	leading	to	higher	risk	of	competition	within	the	colony	(Szathmary	and	Smith,	 1995;	 Queller,	 2000;	Michod	 and	 Nedelcu,	 2003).	 Clonal	 development,	 on	 the	 other	hand,	 has	minimal	 genetic	 variation	within	 the	 colony,	 increasing	 cooperation	 and	making	them	 evolutionarily	 stable	 (Grosberg	 and	 Strathmann,	 1998;	 Michod,	 2005;	 Grosberg	 and	Strathmann,	 2007).	 In	 fact,	 the	 idea	 that	 metazoan	 multicellularity	 was	 obtained	 through	repeated	cell	division	has	been	around	for	more	than	a	century	(e.g.	Haeckel	et	al.,	1892),	and	is	further	supported	by	the	fact	that	all	animals	develop	from	a	single	cell	through	serial	cell	division	 and	 differentiation	 (Bonner,	 2000;	 Wolpert	 and	 Szathmary,	 2002).	 Thus,	 colony	formation	 by	 serial	 cell	 division	 in	 choanoflagellates	 is	 widely	 accepted	 as	 the	 potential	mechanism	that	facilitated	transition	to	metazoan	multicellularity	(King,	2004;	Nielsen,	2008;	Funayama,	2013;	Suga	and	Ruiz-Trillo,	2015).	In	S.	rosetta,	there	are	many	genes	shared	with	metazoans	that	are	only	upregulated	in	the	colonial	cells	(Fairclough	et	al.,	2013),	consistent	with	metazoan	multicellularity	evolving	from	cellular	and	molecular	processes	also	employed	by	modern	choanoflagellates.	This	is	further	supported	by	the	feeding	cells	of	sponges	called	choanocytes,	 which	 are	 morphologically	 similar	 to	 choanoflagellates	 (James-Clark,	 1866;	Haeckel,	1874;	Mehl	and	Reiswig,	1991;	Woollacott	and	Pinto,	1995;	Maldonado,	2004;	Mah	et	al.,	2014).		
1.3	Sponge	choanocytes	and	their	suggested	homology	with	choanoflagellates			 Among	metazoans,	 sponges	 are	 considered	 to	be	one	of	 the	 earliest	diverging	phyla,	maintaining	a	relatively	simple	body	plan	since	the	Pre-Cambrian	(Haeckel,	1874;	Hedges	et	
	 8	
al.,	2004;	Degnan	et	al.,	2015;	Yin	et	al.,	2015).	Choanocytes	are	the	feeding	cells	of	the	sponge,	possessing	 an	 apical	 flagellum	 and	 a	 surrounding	 collar	 of	 microvilli	 -	 a	 very	 similar	 cell	structure	 to	 that	 of	 choanoflagellates	 (Figure	 1.2)	 (James-Clark,	 1866;	 Saville-Kent,	 1880;	Gonobobleva	and	Maldonado,	2009).	These	cells	form	chambers	throughout	the	sponge	body,	creating	an	aquiferous	system	mainly	used	for	feeding	and	transporting	material.	In	the	fresh	water	 sponge	 Ephydatia	 fluviatilis,	 chamber	 formation	 involves	 serial	 cell	 division	 from	 a	single	 cell,	 resulting	 in	 a	 clonal	 multicellular	 structure	 consisting	 of	 flagellated	 collar	 cells	(Funayama	et	 al.,	 2005).	Although	 there	 are	 some	differences	 (see	below),	 these	 flagellated	cells	 have	 been	 extensively	 compared	 both	 as	 a	 single	 cell	 and	 as	 multicellular	 structures	(Figure	1.2).	Due	 to	 these	observed	similarities,	 it	 is	 speculated	 that	 the	metazoan	ancestor	looked	something	like	a	choanoflagellate	colony	(Tuzet,	1963;	Funayama,	2010;	Valentine	and	Marshall,	2015).	From	these	observations	it	has	been	postulated	that	the	sponge	choanocytes	and	choanoflagellate	cells	are	homologous	to	the	first	metazoan	cell	(Hibberd,	1975;	Mehl	and	Reiswig,	 1991;	 Dayel	 et	 al.,	 2011;	 Funayama,	 2013).	 In	 other	 words,	 all	 animal	 cell	 types	potentially	evolved	from	a	choanocyte-like	ancestor.			 However,	despite	their	similarity	at	first	glance,	there	are	cellular	and	developmental	differences	 between	 sponge	 choanocytes	 and	 choanoflagellate	 cells,	 and	 the	 multicellular	structures	 they	 form.	One	 obvious	 difference	 is	 the	 flagellum	direction	within	multicellular	structures	 -	 choanoflagellate	colonies	have	 the	 flagellum	pointing	outwards,	 contrary	 to	 the	sponge	choanocyte	chambers	with	their	flagellum	pointing	inwards	(Mehl	and	Reiswig,	1991;	Maldonado,	2004).	Also,	while	the	choanoflagellates	undergo	serial	incomplete	cytokinesis	to	form	 intercellular	 bridges	 within	 their	 colonies,	 choanocyte	 chambers	 generally	 form	 via	serial	 complete	 cell	 division,	 presumably	 unrelated	 to	 their	 cell-cell	 adhesion	 within	 a	chamber	 (Funayama,	 2008;	 Dayel	 et	 al.,	 2011).	 There	 also	 seems	 to	 be	 a	 fundamental	difference	 in	the	 interaction	between	the	collar	and	the	flagellum.	The	sponge	microvilli	are	attached	 to	 each	 other	 for	 most	 of	 the	 length	 of	 the	 collar	 to	 form	 a	 tube,	 restricting	 the	movement	 of	 the	 flagellum	 to	 be	 contained	 within	 the	 collar,	 while	 the	 microvilli	 in	 the	choanoflagellate	collar	are	more	loosely	attached	to	each	other	and	do	not	seem	to	affect	the	flagellum	movement	 (Mah	 et	 al.,	 2014).	 Therefore,	 the	homology	between	 choanocytes	 and	choanoflagellates	should	not	be	taken	for	granted,	and	should	be	revisited	using	the	modern	tools	available	today.			
	 9	
	 There	 are	 differences	 found	 between	 sponge	 species	 as	 well,	 with	 the	 choanocyte	chamber	formation	of	the	marine	sponge	Amphimedon	queenslandica	likely	involving	a	more	dynamic	regulatory	system	to	other	species	(Nakanishi	et	al.,	2014;	Sogabe	et	al.,	2016).	As	in	
E.	 fluviatilis,	 A.	 queenslandica	 choanocyte	 chamber	 development	 utilizes	 serial	 cell	 division	from	a	single	cell,	but	also	uses	mechanisms	utilizing	cells	from	multiple	lineages.	This	results	in	some,	 if	not	 the	majority	of	choanocyte	chambers	 in	A.	queenslandica	being	derived	 from	multiple	 cell-lineages,	 as	 opposed	 to	 all	 chambers	 being	 clonal	 in	E.	 fluviatilis	 (Tanaka	 and	Watanabe,	1984;	Funayama	et	al.,	2005).				 There	is	also	evidence	suggesting	that	colony	formation	in	choanoflagellates	is	lineage-specific	 rather	 than	being	an	ancestral	 trait.	Within	 choanoflagellates,	 the	order	Craspedida	contains	species	with	multicellular	capacities	including	S.	rosetta,	while	there	is	currently	no	documentation	 of	 species	 from	 the	 order	 Acanthoecida	 exhibiting	 multicellular	 behavior	(Nitsche	 et	 al.,	 2011).	 From	 the	 observations	 currently	 available,	 it	 is	 likely	 that	multicellularity	 in	 choanoflagellates	 evolved	 after	 the	 divergence	 of	 Craspedida	 and	Acanthoecida,	although	 there	may	be	Acanthoecida	species	 that	have	not	been	 identified	or	found	 to	 create	 colonies	 yet,	 as	well	 as	 the	 possibility	 of	 Acanthoecida	 losing	multicellular	behavior	 after	 diverging	 from	 Craspedida	 (Carr	 et	 al.,	 2008;	 Nitsche	 et	 al.,	 2011).	 These	differences	and	similarities	found	within	and	between	sponges	and	choanoflagellates	must	be	carefully	 examined	 and	 further	 observed,	 keeping	 in	 mind	 that	 they	 have	 gone	 through	millions	of	years	(ranging	from	920	Mya	(Tweedt	and	Erwin,	2015)	to	1450	Mya	(Hedges	et	al.,	2004)	of	independent	evolution.			 One	of	 the	goals	 in	 investigating	 the	origin	of	multicellular	animals	 is	 to	unveil	what	was	minimally	required	to	obtain	multicellularity.	The	capacity	to	form	a	multicellular	colony	was	undoubtedly	a	crucial	step	in	becoming	a	multicellular	metazoan,	but	as	illustrated	by	the	sister	 groups	 within	 holozoans,	 this	 innovation	 alone	 was	 clearly	 not	 enough.	 Further	investigation	 on	 the	 evolution	 of	metazoan	multicellularity	 requires	 extensive	 comparative	studies	 on	 both	 developmental	 and	 molecular	 fronts,	 between	 metazoan	 and	 unicellular	holozoan	 species.	 The	 genome	 and	 transcriptome	 (Fairclough	 et	 al.,	 2013),	 as	 well	 as	molecular	 tools	 becoming	 available	 in	 S.	 rosetta	 (Woznica	 et	 al.,	 2016),	 makes	 it	 an	 ideal	unicellular	 holozoan	 species	 for	 comparative	 analyses.	 As	 a	 model	 organism	 to	 study	 the	metazoan	side	of	the	equation,	A.	queenslandica	 is	a	more	than	qualified	species	with	a	fully	sequenced	 and	 annotated	 genome	 (Srivastava	 et	 al.,	 2010),	 multiple	 RNA-Seq	 datasets	
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emerging	 (Anavy	 et	 al.,	 2014;	 Fernandez-Valverde	 et	 al.,	 2015),	 and	 a	wealth	 of	 knowledge	from	years	of	extensive	studies.		
1.3.1	Sponges	as	a	model	system	to	study	the	origin	of	metazoan	multicellularity			 Sponges	are	one	of	the	earliest	diverging	animal	phyla,	and	are	sessile	aquatic	animals	with	a	relatively	simple	body	plan	(Li	et	al.,	1998;	Amano	and	Hori,	2001).	Currently,	roughly	11,000	species	of	sponges	have	been	described,	but	 it	 is	estimated	that	 there	could	be	even	twice	this	number	of	species	in	existence	(Van	Soest	et	al.,	2012).	Their	antiquity	(and	ability	to	survive	extreme	glacial	events),	along	with	their	diversity,	is	evidence	of	the	evolutionary	success	 of	 the	 phylum.	 There	 is	 an	 ongoing	 debate	 regarding	 the	 phylogeny	 of	 the	 basal	metazoans.	With	emerging	genomic	data,	 there	are	studies	supporting	ctenophores	(instead	of	the	traditionally	recognized	sponges)	as	the	oldest	extant	metazoan	phyletic	lineage	(Dunn	et	al.,	2008;	Hejnol	et	al.,	2009;	Ryan	et	al.,	2013;	Moroz	et	al.,	2014;	Whelan	et	al.,	2015b),	although	this	view	is	not	universally	accepted	(Philippe	et	al.,	2009;	Dohrmann	and	Worheide,	2013;	Pisani	et	al.,	2015).				 Even	 within	 sponges,	 there	 is	 yet	 to	 be	 a	 consensus	 on	 the	 phylogeny,	 with	 some	suggesting	a	paraphyletic	view	(Sperling	et	al.,	2007;	Sperling	et	al.,	2009).	However,	there	is	increasing	 acceptance	 that	 sponges	 are	 monophyletic	 (Philippe	 et	 al.,	 2009;	 Gazave	 et	 al.,	2012;	Worheide	et	al.,	2012;	Hill	et	al.,	2013;	Redmond	et	al.,	2013;	Thacker	et	al.,	2013)	and	divided	 into	 four	 classes:	 Demospongia;	 Hexactinellida;	 Calcarea;	 and	 Homoscleromorpha	(Gazave	et	al.,	2012).	In	recent	years,	numerous	resources	have	emerged	from	a	wide	range	of	sponge	species	including	eight	transcriptomes	from	all	four	classes	(Riesgo	et	al.,	2014),	cell	type	 transcriptome	 from	 the	 demosponge	E.	 fluviatilis	(Alié	 et	 al.,	 2015),	 and	 genomes	 and	transcriptomes	 from	 the	 calcareous	 sponges	 Sycon	 ciliatum	 and	 Leucosolenia	 complicata	(Fortunato	 et	 al.,	 2012;	 Fortunato	 et	 al.,	 2014a;	 Fortunato	 et	 al.,	 2014b),	 as	 well	 as	 the	homoscleromorph	 Oscarella	 carmela	 (Nichols	 et	 al.,	 2012).	 Regardless	 of	 the	 precise	phylogeny	 around	 and	 between	 sponges,	 they	 are	 an	 early	 branching	 metazoan	 phylum	estimated	 to	have	diverged	 from	eumetazoans	 approximately	650	 to	800	million	 years	 ago	(Berney	and	Pawlowski,	2006;	Cohen	et	al.,	2009;	Lartillot	et	al.,	2009;	Parfrey	et	al.,	2011;	reviewed	 in	 Sharpe	et	 al.,	 2015),	making	 them	an	essential	part	 of	 comparative	 analyses	 in	investigating	metazoan	origins.		
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	 In	addition	to	their	phylogenetic	placement,	various	morphological	features	of	sponges	place	them	as	important	organisms	for	the	understanding	of	metazoan	complexity,	such	as	the	presence	 of	 the	 choanoflagellate-like	 choanocyte	 chambers	 (unique	 within	 the	 animal	kingdom),	and	the	ability	to	aggregate.	In	the	freshwater	demosponge	E.	fluviatilis,	choanocyte	chambers	form	via	serial	cell	division	from	a	single	archeocyte,	 the	primary	stem	cell	of	 the	sponge	(Tanaka	and	Watanabe,	1984;	Funayama,	2008).	Archeocytes	are	totipotent	amoeboid	cells	 freely	 migrating	 throughout	 the	 sponge	 body,	 considered	 to	 be	 responsible	 for	 the	regenerative	capacities	of	sponges	(Agata	et	al.,	2006;	Müller,	2006).	The	archeocyte-specific	markers	EflPiwi	and	EflMsiA,	homologs	of	Piwi	and	Musashi-1	genes	have	been	isolated;	these	are	considered	to	be	associated	with	maintaining	stem	cell	state	in	other	organisms	(Good	et	al.,	1998;	Higuchi	et	al.,	2008;	Funayama	et	al.,	2010;	Okamoto	et	al.,	2012).	Their	expression	was	 predominantly	 found	 in	 archaeocytes,	 but	 interestingly,	 EflPiwi	 expression	 was	 also	found	in	mature	choanocytes	as	well	(Funayama	et	al.,	2010).			 In	a	typical	cell	differentiation	scenario,	once	the	archeocyte	is	committed	to	a	certain	lineage,	 EflPiwi	 expression	 gradually	 decreases	 while	 the	 lineage	 specific	 marker	 gene	expression	increases,	ultimately	resulting	in	a	mature	differentiated	cell	expressing	only	the	lineage	 marker	 gene	 (Funayama	 et	 al.,	 2010).	 In	 choanocytes	 however,	 EflAnnexin	(choanocyte	 lineage	 specific	 marker)	 expression	 gradually	 increases,	 while	 EflPiwi	 gene	expression	 continues	 throughout	 and	 even	 after	 differentiation	 is	 complete.	 This	 suggests	choanocytes	 potentially	 maintaining	 pluripotency	 even	 after	 differentiation,	 which	 goes	 in	line	 with	 previous	 observations	 made	 on	 choanocytes	 differentiating	 into	 spermatocytes	(Simpson,	 1984;	 Leys	 and	 Ereskovsky,	 2006;	 Funayama	 et	 al.,	 2010).	 These	 findings,	 along	with	 their	morphological	 and	developmental	 similarities	with	 choanoflagellates,	 has	 lead	 to	an	ongoing	debate	on	whether	 the	primitive	metazoan	stem	cell	was	similar	 to	archeocytes	(amoeboid	cells)	or	choanocytes	(flagellated	cells)	(Müller,	2006;	Funayama,	2010;	Okamoto	et	al.,	2012).				 Based	on	new	observations	made	on	E.	fluviatilis	and	S.	rosetta,	a	possible	scenario	for	stem	 cell	 evolution	 has	 been	 proposed	 (Funayama,	 2013).	 In	 this	 scenario	 (Fig.	 7),	 (a)	unicellular	 organisms	 form	 colonies,	 similar	 to	 the	 rosette	 colonies	 observed	 in	 S.	 rosetta,	followed	by	(b)	basic	specialization	of	cells	into	proliferative	and	non-proliferative	cell	types.	These	multicellular	colonies	become	larger,	leading	to	(c)	further	specialization	into	different	cell	 types,	 ultimately	 leading	 to	 (d)	 the	 emergence	 of	 migrating	 somatic	 stem	 cells	 to	
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accommodate	 the	 requirements	 of	 a	 multicellular	 colony	 with	 a	 large	 interior	 (Funayama,	2013).	This	illustrates	how	studying	the	development	of	choanocyte	chambers	and	the	sponge	stem	 cell	 system	 could	 provide	 insights	 into	 not	 only	 how	 multicellular	 structures	 were	formed,	 but	 also	 how	 they	 were	 maintained/accommodated	 in	 the	 ancestral	 metazoan.	However,	 recent	 discoveries	 of	 differences	 in	 the	 process	 of	 choanocyte	 chamber	development	in	other	species	highlights	the	need	for	detailed	understanding	of	the	process	of	chamber	formation	in	a	range	of	different	sponges.		
	 A.	queenslandica	is	a	marine	demosponge	found	in	shallow	reefs	throughout	the	Indo-Pacific	 region	 (Degnan	 and	 Degnan,	 2010).	 It	 has	 a	 biphasic	 pelagobenthic	 lifecycle	 and	releases	offspring	(free-swimming	parenchymella	larvae)	throughout	the	year,	enabling	easy	collection	of	developmental	material	(Leys	and	Degnan,	2002;	Degnan	et	al.,	2008).	It	is	also	the	 first	 sponge	 species	 with	 a	 fully	 sequenced	 genome	 making	 them	 an	 ideal	 species	 for	studies	 on	 evolutionary	 and	 developmental	 biology	 (Srivastava	 et	 al.,	 2010).	 For	 these	reasons,	A.	queenslandica	was	the	model	organism	used	for	this	study.		
1.4	Project	aims			 The	evolution	of	metazoan	multicellularity	required	multiple	innovations	including	cell	differentiation	and	cell-cell	adhesion	and	communication,	as	well	as	complex	gene	regulatory	networks	 controlling	 the	 spatial	 and	 temporal	 expression	 of	 genes	 that	 underpin	 these	developmental	 and	 cellular	 processes.	 Recent	 evidence	 from	 closely	 related	 unicellular	holozoans	suggests	many	components	of	 these	developmental	pathways	antedate	metazoan	multicellularity,	 with	 some	 species	 also	 exhibiting	 simple	 multicellular	 behavior.	 These	studies	 have	 highlighted	 that	 additional	 information	 is	 required	 regarding	 the	 likely	developmental	 modes	 of	 the	 earliest	 metazoans,	 particularly	 with	 regard	 to	 choanocyte	chambers	 that	may	or	may	not	 represent	 the	ancestral	metazoan	cell	 type.	 In	 this	project,	 I	aimed	to	fill	this	gap	in	knowledge	by	investigating	the	development	and	gene	expression	of	choanocyte	chambers	in	an	early	branching	metazoan.	Specifically,	I	focused	on	documenting	the	 formation	 and	 maintenance	 of	 choanocyte	 chambers	 in	 A.	 queenslandica,	 and	 on	characterization	 of	 cell-type	 specific	 transcriptomes,	 to	 revisit	 the	 long	 assumed	 homology	between	sponge	choanocytes	and	choanoflagellates.		
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	 Aim	1.	To	investigate	what	mechanisms	underlie	choanocyte	chamber	development		 		 While	mature	choanocytes	have	been	extensively	compared	with	choanoflagellates	due	to	 their	similarity	 in	morphology	and	 their	capacity	 to	 form	simple	multicellular	structures,	there	 have	 been	 very	 few	 studies	 focused	 on	 the	 mechanism	 of	 choanocyte	 chamber	formation.	 Using	 immunohistochemistry,	 cell-tracking	 and	 proliferation	 assays,	 I	 have	documented	 the	 ontogeny	 of	 choanocyte	 chambers	 during	 metamorphosis	 in	 Amphimedon	
queenslandica.	 Early	 choanocyte	 chamber	 formation	 occurs	 within	 36	 hours	 of	 initiating	metamorphosis,	 in	many	 cases	 involving	multiple	 larval	 cell	 lineages,	 contrary	 to	 previous	studies	 from	 other	 species	 showing	 only	 clonal	 choanocyte	 chamber	 development.	 These	observations	 were	 also	 supported	 by	 transcriptomic	 evidence	 from	 the	 Amphimedon	
queenslandica	 developmental	 CEL-Seq	 dataset	 (Anavy	 et	 al.,	 2014).	 This	 study	 has	 been	published	 during	 my	 candidature,	 titled:	 "The	 ontogeny	 of	 choanocyte	 chambers	 during	metamorphosis	in	the	demosponge	Amphimedon	queenslandica"	(Sogabe	et	al.,	2016),	and	will	form	Chapter	2	of	my	thesis.		
	
Aim	 2.	 To	 obtain	 cell-type	 specific	 transcriptomes	 in	 Amphimedon	 queenslandica	 to	 identify	
genes	that	are	uniquely	or	highly	expressed	in	choanocytes			 To	 investigate	 if	 there	 are	 any	 conserved	 gene	 families	 or	 components	 of	 gene	regulatory	networks	 shared	between	 choanocytes	 and	 choanoflagellates	 to	 the	 exclusion	of	other	sponge	cell	types,	I	obtained	cell-type	specific	transcriptomes	for	A.	queenslandica.	This	was	done	by	dissociating	adult	sponge	cells	and	manually	isolating	choanocytes,	archeocytes	(primary	 stem	 cells)	 and	pinacocytes	 (epithelial	 cells)	 and	 sequencing	 their	 transcriptomes	using	 CEL-Seq,	 a	 single	 cell	 RNA-Seq	 approach.	 Principle	 component	 analysis	 distinguishes	these	three	cell-type	transcriptomes,	with	each	transcriptome	enriched	in	genes	indicative	of	the	role	of	each	cell-type	 in	 the	sponge	body.	This	 includes	stem	cell-related	genes	(e.g.	cell	cycle	 regulation,	 mitosis,	 transcription,	 translation	 and	 RNA	 processing)	 enriched	 in	archeocytes,	as	well	as	epithelial	cell	function	(cell-cell	adhesion	and	cell	polarity	genes)	and	signaling	pathway	related	genes	(e.g.	Notch,	Hedghog,	cAMP,	TGF-β)	enriched	in	choanocytes	and	pinacocytes.	Phylostratigraphy	analyses,	as	well	as	 investigation	of	shared	OrthoGroups	(OGs)	 and	 transcription	 factors	 between	 Amphimedon	 choanocytes	 and	 available	choanoflagellate	 datasets,	 showed	 no	 strong	 evidence	 of	 a	 shared	 gene	 repertoire.	 I	 also	applied	 an	 alternative	 approach	 to	 analyze	 cell	 type	 differential	 gene	 expression	 using	 a	
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quartile	expression	analysis	of	the	full	expressed	gene	lists,	demonstrating	potential	for	future	use	in	sponge	transcriptome	analyses.	This	work	will	be	discussed	in	Chapter	3	of	my	thesis.		
Aim	3.	To	investigate	the	mechanisms	underlying	the	maintenance	of	choanocyte	chambers	and	
their	potential	role	in	the	sponge	stem	cell	system			 Recent	studies	on	a	number	of	sponge	species	have	suggested	the	choanocytes	could	be	 a	 part	 of	 the	 sponge	 stem	 cell	 system.	 In	 A.	 queenslandica,	 we	 recently	 found	 that	 the	choanocytes	 are	 capable	 of	 dedifferentiation,	 but	 the	 details	 of	 this	 phenomenon	 have	 not	been	 documented.	 Using	 the	 cell-tracker	 CM-DiI,	 I	 labeled	 choanocyte	 chambers	 in	 the	juvenile	sponge	and	followed	their	fate	over	time.	From	the	results	I	have	found	that	many	of	these	 chambers	do	not	 remain	 static,	with	 cells	moving	out	of	 the	 chamber	within	4	hours,	and	 subsequently	 differentiating	 into	 other	 cell	 types	 including	 pinacocytes	 and	 new	choanocyte	chambers.	Using	a	new	choanocyte	CEL-Seq	dataset	consisting	of	10	samples	from	the	same	 individual,	 I	detected	 two	distinct	clusters	 that	are	enriched	 in	different	GO	terms	and	KEGG	pathways:	either	feeding	and	digesting	or	maintenance	and	proliferation,	indicating	two	distinct	 choanocyte	 chamber	 states.	The	 results	 from	cell	 tracking	with	CM-DiI	and	 the	proliferation	assay	EdU	are	consistent	with	 this	 finding,	with	a	wide	variety	of	proliferation	rates	 observed	 in	 choanocyte	 chambers.	 These	 results	 show	 that	 choanocyte	 chambers	 are	dynamic	structures	playing	a	crucial	part	of	the	stem	cell	system,	assisting	in	both	the	growth	of	the	sponge	as	well	as	increasing	and	maintaining	the	archeocyte	stem	cell	population.	This	study	will	be	discussed	in	Chapter	4	of	my	thesis.				 In	 summary,	 I	 have	 documented	 the	 formation	 and	 maintenance	 of	 choanocyte	chambers	 in	A.	queenslandica	 in	detail	 using	 cell	 trackers	 and	proliferation	 assays,	 showing	their	dynamic	 role	 in	 the	 sponge	body	as	a	 crucial	part	of	 the	 stem	cell	 system.	 I	have	also	identified	genes	uniquely	expressed	 in	 choanocytes,	 as	well	 as	archeocytes	and	pinacocytes	using	CEL-Seq	and	numerous	downstream	analyses.	 In	 this	study,	 I	 found	no	evidence	 for	a	conserved	genetic	toolkit	shared	between	choanocytes	and	choanoflagellates	to	the	exclusion	of	other	sponge	cell	types,	suggesting	their	assumed	homology	must	be	revisited.	This	thesis	provides	a	better	understanding	of	the	choanocyte	chambers	and	their	biology	in	the	sponge	body,	 as	 well	 as	 the	 development	 of	 lab-based	 techniques	 and	 cell-type	 specific	transcriptomes	 to	 be	 utilized	 for	 further	 investigation	 on	 the	 evolution	 of	 metazoan	multicellularity.	
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Figures	
	
Figure 1.1. Phylogenetic tree of Holozoa  
Species from the three sister groups to metazoans discussed in this chapter are shown 
here. These species exhibit simple multicellular behavior and are representative of 
different modes of colony formation in unicellular holozoans.  
 	
Figure 1.2. Comparison of choanoflagellates and sponge choanocytes as single 
cells and multicellular structures (legend over page) 
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Choanocyte chamber
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Figure 1.2. Comparison of choanoflagellates and sponge choanocytes as single 
cells and multicellular structures  
Schematic diagrams and micrographs of choanoflagellates (S. rosetta) and sponge 
choanocytes (A. queenslandica). (A) As single cells, both have an apical flagellum and a 
surrounding collar of microvilli. (B) The multicellular structures both have a spherical shape 
with the flagellum and microvilli facing outward in choanoflagellate colonies, and inward in 
choanocyte chambers. Scale bars: choanoflagellates 5 µm, sponge choanocytes 10 µm. 
Choanoflagellate images adapted from Dayel et al. (2011). Choanocyte images courtesy 
of Daniel Stoupin. 	 	
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Chapter	2	-	The	ontogeny	of	choanocyte	chambers	during	
metamorphosis	in	the	demosponge	Amphimedon	queenslandica	
2.1	Abstract			 The	aquiferous	body	plan	of	poriferans	revolves	around	internal	chambers	comprised	of	 choanocytes,	 a	 cell	 type	 structurally	 similar	 to	 choanoflagellates.	 These	 choanocyte	chambers	 perform	 a	 range	 of	 physiological	 and	 developmental	 functions,	 including	 the	capture	 of	 food	 and	 the	 generation	 of	 stem	 cells.	 Despite	 the	 increasing	 interest	 for	choanocytes	 as	 sponge	 stem	 cells,	 there	 is	 limited	 knowledge	 on	 the	 development	 of	choanocyte	chambers.	Using	a	combination	of	cell	lineage	tracing,	antibody	staining	and	EdU	labeling,	here	we	examine	the	development	of	choanocytes	and	the	chambers	they	comprise	during	 metamorphosis	 in	 the	 marine	 demosponge	 Amphimedon	 queenslandica.	 Lineage	tracing	experiments	show	that	larval	epithelial	cells	transform	into	pluripotent	mesenchymal	stem	cells,	resembling	archeocytes,	within	24	hours	of	initiating	metamorphosis.		By	36	hours	some	of	these	labeled	archeocyte-like	cells	have	differentiated	into	choanocytes	that	will	form	the	first	postlarval	choanocyte	chambers.	Non-labeled	cells	also	contribute	to	these	primary	choanocyte	 chambers,	 consistent	 with	 these	 chambers	 being	 a	 chimera	 of	 multiple	transdifferentiated	larval	cell	types	and	not	the	proliferation	of	a	single	choanocyte	precursor.	Moreover,	 cell	 proliferation	 assays	 demonstrate	 that,	 following	 the	 initial	 formation	 of	choanocyte	 chambers,	 chambers	 grow	 at	 least	 partially	 by	 the	 proliferation	 of	 choanocytes	within	 the	chamber,	although	recruitment	of	 individual	cells	 into	established	chambers	also	appears	to	occur.	EdU	labeling	of	postlarvae	and	juveniles	reveals	that	choanocyte	chambers	are	 the	primary	 locations	of	cell	proliferation	during	metamorphosis.	Our	results	show	that	multiple	 larval	 cell	 lineages	 typically	 contribute	 to	 formation	 of	 individual	 choanocyte	chambers	at	metamorphosis,	contrary	to	previous	reports	in	other	species	that	show	sponge	choanocyte	 chambers	 forming	 clonally.	 Choanocytes	 in	 postlarval	 and	 juvenile	 A.	
queenslandica	 chambers	 can	 also	 divide,	 with	 choanocyte	 chambers	 being	 the	 primary	location	 of	 cell	 proliferation.	 Interestingly,	 the	 level	 of	 cell	 proliferation	 varies	 greatly	between	chambers	and	appears	to	be	contingent	on	the	size,	location	and	developmental	state	of	the	chamber.	Small	chambers	on	the	periphery	of	the	body	tend	to	possess	more	dividing	cells.	 As	 choanocytes	 can	 also	 dedifferentiate	 into	 archeocyte-like	 cells,	 cell	 proliferation	 in	chambers	may	not	only	contribute	to	chamber	growth	and	self-renewal	but	also	increase	the	number	of	pluripotent	archeocytes.		
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2.2	Introduction			 Sponges	 are	 sessile,	 aquatic	 animals	 that	 possess	 internal	 ciliated	 choanocyte	chambers	that	pump	seawater	through	an	aquiferous	network	of	canals,	which	connect	with	the	external	environment	through	a	huge	array	of	pores	and	enable	the	capture	of	 food	and	the	removal	of	waste	(Simpson,	1984;	Funayama,	2013).	As	sponges	are	recognized	as	one	of	the	oldest	extant	metazoan	phyla	(Hill	et	al.,	2013;	Pisani	et	al.,	2015;	Whelan	et	al.,	2015a),	their	 choanocytes	 have	 been	 viewed	 traditionally	 as	 a	 symplesiomorphic	 trait	 shared	with	choanoflagellates	 that	 has	 been	 lost	 in	 most	 other	 metazoans	 (Hibberd,	 1975;	 Maldonado,	2004).	Choanocytes	and	choanoflagellates	are	of	strikingly	similar	size	and	morphology,	with	both	being	small	and	having	an	apical	flagellum	surrounded	by	a	collar	of	microvilli	(James-Clark,	 1866;	 Rasmont	 et	 al.,	 1958;	 Hibberd,	 1975;	 Leadbeater,	 1983;	 Boury-Esnault	 et	 al.,	1984;	Woollacott	and	Pinto,	1995;	Maldonado,	2004;	Nielsen,	2008).	Collared	cells	have	also	been	 found	 in	 a	 number	 of	 protozoans	 (Sleigh,	 1964;	 Christensen-Dalsgaard	 and	 Fenchel,	2003)	 and	 some	metazoans	 (Norrevang,	 1964;	Martinez	 et	 al.,	 1991),	 but	 these	 have	 been	largely	considered	analogous	due	to	their	differences	in	morphology	and	function;	some	have	proposed	 that	 this	 is	also	 the	case	 for	choanoflagellate	and	sponge	choanocytes	 (Mah	et	al.,	2014).			 Sponges	 have	 remarkable	 regenerative	 abilities	 and	 the	 capacity	 to	 continually	remodel	 their	 body	 shape.	 These	 abilities	 appear	 to	 be	 largely	 achieved	 through	 their	 two	major	 stem	 cell	 types,	 archeocytes	 and	 choanocytes	 (Funayama,	 2013;	 Alié	 et	 al.,	 2015;	Borisenko	 et	 al.,	 2015).	 Archeocytes	 are	 multifunctional,	 amoebocytic	 cells	 that	 are	pluripotent	and	capable	of	self-renewal;	they	are	likely	the	predominant	stem	cell	in	sponges	(De	Sutter	and	Van	de	Vyver,	1977;	Müller	et	al.,	2006;	Funayama,	2008,	2010;	Okamoto	et	al.,	2012).	Choanocytes	are	also	highly	proliferative	and	can	transdifferentiate	 into	somatic	and	germ	 cells	 in	 a	 range	 of	 contexts	 including	 tissue	 regeneration,	 juvenile	 growth	 and	remodeling,	and	sexual	reproduction	(Simpson,	1984;	Paulus	and	Weissenfels,	1986;	Leys	and	Ereskovsky,	2006;	Funayama,	2010;	Alexander	et	al.,	2014;	Nakanishi	et	al.,	2014;	Borisenko	et	 al.,	 2015;	 Ereskovsky	 et	 al.,	 2015).	 Unlike	 many	 other	 metazoan	 stem	 cells,	 both	archeocytes	 and	 choanocytes	 have	 additional	 specializations	 and	 physiological	 functions,	including	the	capture	of	food	by	choanocytes	and	transportation	of	nutrients	by	archeocytes	(Simpson,	 1984;	 Funayama	 et	 al.,	 2005).	 Combining	 these	 observations	with	 the	 structural	
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similarity	 of	 sponge	 choanocytes	with	 choanoflagellates,	 it	 has	 been	proposed	 that	 this	 cell	type	 may	 be	 the	 original	 stem	 cell	 in	 sponges	 and	 possibly	 metazoans	 (Funayama,	 2010,	2013).			 Given	the	importance	of	the	choanocyte	in	the	functioning,	maintenance,	regeneration	and	 repair	 of	 the	 sponge	 body	 plan	 as	 well	 as	 their	 similarity	 with	 choanoflagellates,	 we	sought	to	determine	the	ontogenetic	origin	of	this	cell	type	and	the	chambers	they	construct.	In	many	demosponges,	choanocyte	chamber	formation	is	thought	to	occur	by	differentiation	of	 a	 single	 archeocyte	 into	 a	 choanocyte	 progenitor	 cell,	 which	 then	 proliferates	 to	 form	 a	mature	 choanocyte	 chamber	 (Rozenfeld	 and	 Rasmont,	 1976;	 Tanaka	 and	Watanabe,	 1984;	Funayama	 et	 al.,	 2005).	 In	 demosponges,	 choanocyte	 chambers	 often	 form	 during	metamorphosis,	 although	 there	 are	 exceptions	 where	 choanocytes	 are	 present	 in	 larvae	(reviewed	 in	 Ereskovsky,	 2010).	 Sponge	 metamorphosis	 in	 many	 cases	 involves	 the	differentiation	 and	 transdifferentiation	 of	 larval	 cells	 into	 juvenile	 cells	 (Amano	 and	 Hori,	1996;	Leys	and	Degnan,	2002;	Gonobobleva	and	Ereskovsky,	2004;	Ereskovsky	et	al.,	2007;	Nakanishi	 et	 al.,	 2014).	 However,	 the	 fate	 of	 larval	 cells	 during	 sponge	 metamorphosis	appears	to	vary	between	species	with	descriptions	ranging	from	most	larval	cells	undergoing	autolysis	 (Misevic	 et	 al.,	 1990)	 and	 being	 phagocytosed	 by	 archeocytes	 (Bergquist	 and	Glasgow,	1986;	Kaye	and	Reiswig,	1991b),	 to	specific	 larval	cell	 types	giving	rise	 to	specific	juvenile	 cell	 types	 (e.g.	 larval	 epithelial	 cells	 transdifferentiating	 into	 juvenile	 choanocytes	(Amano	 and	 Hori,	 1996;	 Leys	 and	 Degnan,	 2002;	 Ereskovsky	 et	 al.,	 2007).	 In	 general,	 it	 is	unclear	 how	 specific	 larval	 cell	 types	 and	 lineages	 contribute	 to	 the	 genesis	 of	 the	 juvenile	body	plans,	including	the	formation	of	choanocyte	chambers.			 Here,	we	use	 cell	 lineage	 tracers,	 antibodies	 and	 cell	 proliferation	markers	 to	 follow	the	 ontogeny	 of	 choanocytes	 and	 choanocyte	 chambers	 during	 metamorphosis	 in	
Amphimedon	 queenslandica.	Although	 it	 is	 known	 in	 this	 species	 that	 larval	 epithelial	 cells	transdifferentiate	into	choanocytes	and	other	cell	types	at	metamorphosis	(Leys	and	Degnan,	2002;	Nakanishi	et	al.,	2014;	Degnan	et	al.,	2015),	 the	specific	steps	and	timings	involved	in	the	 contribution	 of	 larval	 cells	 to	 choanocyte	 chamber	 development	 have	 not	 been	determined.	We	show	here	that	the	first	choanocyte	chambers	begin	forming	in	Amphimedon	at	about	36	h	after	the	initiation	of	metamorphosis.	The	number	and	size	of	these	chambers	continues	 to	 grow,	 and	 at	 around	 72	 h	 after	 the	 initiation	 of	 metamorphosis,	 a	 functional	aquiferous	 system	 forms.	 Cell-tracing	 experiments	 reveal	 that	 choanocyte	 chambers	 often	
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form	by	contributions	 from	multiple	 larval	 cell	 lineages	and	 the	proliferation	of	 choanocyte	progenitors.	 Continuous	 proliferation	 and	 late	 recruitment	 of	 individual	 choanocytes	contributes	 to	 the	 further	 growth	 of	 these	 chambers.	 These	 results	 demonstrate	 that	 in	
Amphimedon	and	potentially	other	sponges,	choanocyte	chambers	are	not	always	clonal.			
2.3	Methods	
2.3.1	Sample	collection			 Adult	 Amphimedon	 queenslandica	 were	 collected	 and	 maintained	 in	 flow-through	aquaria	 at	 the	 University	 of	 Queensland	 Heron	 Island	 Research	 Station	 (HIRS).	 Larval	collection	 followed	 the	protocol	 of	Leys	 et	 al.	 (2008)	where	 adult	 sponges	were	 induced	 to	release	larvae	by	mild	heat-treatment	(1-2	oC	above	ambient	temperature)	for	less	than	2	h.	Larvae	 were	 collected	 into	 a	 beaker	 and	 left	 for	 8	 h	 to	 allow	 for	 the	 development	 of	competency	to	settle	and	metamorphose	(Degnan	and	Degnan,	2010).				 Competent	larvae	were	placed	in	6-well	plates	with	10	ml	of	0.22	μm	filtered	seawater	(FSW)	 for	 4	 h	 in	 the	 dark	 with	 live	 coralline	 algae	 Amphiroa	 fragilissima,	which	 strongly	induces	settlement	and	metamorphosis	(Nakanishi	et	al.,	2015).	After	4	h,	larvae	settled	on	A.	
fragilissima	 were	 removed	 using	 fine	 forceps	 (e.g.	 Dumont	 #5)	 and	 resettled	 on	 to	 round	15mm	coverslips	placed	in	a	well	with	2	ml	FSW	in	a	24-well	plastic	plate,	with	3	postlarvae	placed	 on	 each	 coverslip.	 These	 resettled	 postlarvae	 ball	 up	 and	 take	 the	 form	 similar	 to	 a	newly	 settled	 larva.	 In	 terms	 of	 recording	 the	 time	 points	 of	metamorphosis,	we	 used	 this	placement	 of	 newly	 settled	 postlarvae	 on	 the	 coverslips	 as	 the	 starting	 point	 of	metamorphosis	 referred	 to	 as	 the	 0	 hour	 post	 resettlement	 (hpr)	 stage,	 although	 they	 had	originally	settled	on	A.	fraglissima	1-4	h	before	this	time.	Metamorphosis	from	resettled	larvae	to	 a	 functional	 juvenile	 takes	 approximately	 72	 hpr	 (Nakanishi	 et	 al.,	 2014;	 Degnan	 et	 al.,	2015).		
2.3.2	Immunohistochemistry				 Postlarvae	 and	 juveniles	 on	 the	 coverslips	 were	 fixed	 according	 to	 Larroux	 et	 al.	(2008a).	 Immunohistochemistry	 followed	 the	protocol	described	 in	Nakanishi	 et	 al.	 (2014),	using	 the	 antibodies	 against	 phospho-histone	 H3	 [pSer10]	 (rabbit,	 1:500,	 Abcam	 ab5176),	
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acetylated-∂-tubulin	(mouse,	1:500,	Sigma-Aldrich	T6793)	and	tyrosinated-∂-tubulin	(mouse,	1:500,	Sigma-Aldrich	T9028).	For	secondary	antibodies,	we	used	AlexaFluor	488	(anti-rabbit	or	-mouse.	1:200,	Molecular	Probes),	AlexaFluor	568	(anti-rabbit	or	-mouse.	1:200,	Molecular	Probes)	 and	 AlexaFluor	 647	 (anti-rabbit	 or	 -mouse,	 1:200,	 Molecular	 Probes).	 AlexaFluor	488-conjugated	 phallacidin	 (1:25,	 Molecular	 Probes),	 which	 is	 generally	 used	 to	 label	filamentous	actin,	was	used	as	a	counter	stain	to	label	F-actin	enriched	cells	in	the	inner	cell	mass	and	epithelial	 layer	in	larvae.	For	all	samples,	nuclei	were	labeled	with	the	fluorescent	dye	4',6-diamidino-2-phenylindole	 (DAPI;	1:1,000,	Molecular	Probes)	 for	30	min,	washed	 in	PBST	 for	 5	 min	 and	 mounted	 using	 ProlongGold	 antifade	 reagent	 (Molecular	 Probes).	 All	samples	 were	 observed	 using	 the	 ZEISS	 LSM	 510	 META	 confocal	 microscope,	 and	 image	analysis	was	performed	using	the	software	ImageJ.		
2.3.3	Cell	tracking	using	CM-DiI			 The	lipophilic	cell	tracker	CM-DiI	(Molecular	Probes	C7000)	was	used	to	label	ciliated	epithelial	cells	as	described	in	(Nakanishi	et	al.,	2014).	Competent	larvae	were	incubated	in	10	μM	CM-DiI	 in	FSW	for	16	h.	After	 incubation,	 the	 larvae	were	washed	in	FSW	several	times,	and	were	induced	to	settle	and	initiate	metamorphosis	for	4	h	and	reared	until	fixation.	These	specimens	were	stained	with	DAPI,	mounted	in	ProLong	Gold	antifade	reagent	and	observed	as	described	above.		
2.3.4	Visualizing	proliferation	using	EdU			 To	 visualize	 cell	 proliferation,	 the	 thymidine	 analogue	 EdU	 (Click-iT	 EdU	AlexaFluor	488	 cell	 proliferation	 kit,	 Molecular	 Probes	 C10337)	 was	 used	 as	 previously	 described	(Nakanishi	et	al.,	2014).	Early	postlarvae	were	incubated	in	FSW	containing	200	μM	of	EdU	for	6	 h	 to	 label	 S-phase	 nuclei.	 They	 were	 then	 washed	 in	 FSW	 and	 immediately	 fixed	 as	described	 above.	 Fluorescent	 labeling	 of	 incorporated	EdU	was	 conducted	 according	 to	 the	manufacture’s	 recommendations	 prior	 to	 DAPI	 labeling	 and	 mounting	 on	 to	 slides	 with	ProLong	Gold	antifade	reagent.		
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2.3.5	Differential	expression	analysis	of	the	developmental	CEL-Seq	dataset		
	 The	 developmental	 CEL-Seq	 dataset	 (Anavy	 et	 al.,	 2014)	 was	 used	 to	 investigate	whether	 the	 shift	 in	 cell	 behavior	 (i.e.	 increase	 in	 proliferation	 and	 choanocyte	 chamber	formation)	 could	 be	 detected	 between	 stages	 with	 and	 without	 choanocytes	 during	metamorphosis.	Pairwise	differential	expression	analysis	was	conducted	on	the	23-24	h	stage	and	 chamber	 stage	 samples	 using	 edgeR	 (McCarthy	 et	 al.,	 2012;	 Robinson	 et	 al.,	 2010)	 on	Galaxy	 Queensland	 (Genomics	 Virtual	 Laboratory	 4.0)	 (Afgan	 et	 al.,	 2015).	 Default	 values	were	used	 for	most	parameters:	non-differential	 contig	 count	quantile	 threshold	was	 set	 to	0.3,	 prior	 degrees	 of	 freedom	was	 set	 to	 10,	 using	 an	 FDR	 control	method	 (Benjamini	 and	Hochberg,	1995)	with	a	p-value	threshold	for	FDR	filtering	for	family-wise	error	rate	control	of	0.05.	Principal	 component	 analysis	 (PCA)	was	 conducted	on	R.	 	The	Gene	Ontology	 (GO)	category	enrichment	analysis	was	conducted	using	BiNGO	(Maere	et	al.,	2005),	and	the	result	of	this	analysis	was	summarized	and	visualized	using	REVIGO	(Supek	et	al.,	2011).			
2.4	Results	
2.4.1	Changes	in	ciliation	patterns	during	metamorphosis			 One	 of	 the	 distinct	morphological	 features	 of	 choanocytes	 is	 the	 apical	 flagellum	 or	cilium	 (Figure	 2.1).	 To	 visualize	 ciliated	 cells	 and	 to	 constrain	 the	 timing	 of	 choanocyte	chamber	formation	during	metamorphosis,	fixed	larvae	and	postlarvae	were	labeled	with	an	anti-acetylated	 tubulin	 antibody,	 which	 recognizes	 ciliary	 microtubules,	 and	 DAPI,	 which	binds	to	DNA	and	thus	labels	nuclei	(Figure	2.2).	Ciliation	occurs	in	columnar	epithelial	cells	and	 flask	 cells	 in	 the	 competent	 larvae,	 consistent	 with	 previous	 observations	 using	transmission	electron	microscopy	(TEM)	(Figure	2.2A;	Leys	and	Degnan,	2002).	 In	the	early	phase	of	metamorphosis,	the	cilia	in	most	if	not	all	cells	appear	to	be	partially	resorbed,	such	that	the	length	of	the	cilia	appear	much	shorter	than	in	the	larvae	(Figure	2.2B),	as	previously	observed	 by	 TEM	 (Leys	 and	 Degnan,	 2002).	 These	 cells	 with	 resorbed	 cilia	 are	 enriched	towards	 the	center	of	 the	postlarva	 (Figure	2.2C).	By	24	hpr,	 cells	 containing	resorbed	cilia	have	 spread	 out	 to	 the	 edge	 of	 the	 postlarval	 body	 (Figure	 2.2D).	 By	 48	 hpr,	 the	 first	choanocyte	chambers	are	visible	while	there	are	still	many	cells	containing	resorbed	cilia	not	associated	with	 forming	chambers	(Figure	2.2E).	These	newly	formed	choanocyte	chambers	
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are	generally	smaller	and	more	uniform	in	size	compared	to	juvenile	and	adult	chambers.	At	72	 hpr,	 much	 larger	 chambers	 are	 detected,	 with	 adjacent	 chambers	 appearing	 to	 be	interconnected	(Figure	2.2F).	There	are	 fewer	 individual	cells	with	resorbed	cilia	present	at	72	hpr	compared	to	earlier	stages.		
	
2.4.2	Multiple	larval	cell	types	including	larval	epithelial	cells	contribute	to	postlarval	
and	juvenile	choanocyte	chambers				 As	previous	studies	have	shown	that	ciliated	larval	epithelial	cells	generate	a	range	of	juvenile	cell	types	including	choanocytes	(Leys	and	Degnan,	2002;	Nakanishi	et	al.,	2014),	we	sought	to	determine	the	specific	contribution	of	larval	epithelial	cells	to	juvenile	choanocyte	chambers	 in	 A.	 queenslandica.	 Larval	 epithelial	 cells	 were	 labeled	 with	 CM-DiI	 and	 were	traced	through	metamorphosis	to	investigate	the	clonality	of	postlarval	choanocyte	chambers.	Only	 the	epithelial	 layer	has	CM-DiI	 labeled	cells	 (Figure	2.3A),	with	 cilia	 clearly	 labeled	by	CM-DiI	as	well	(Figure	2.4B;	Nakanishi	et	al.,	2014).	CM-DiI	does	not	label	all	larval	epithelial	cell	types,	such	as	the	epithelial	globular	(spherulous)	cells,	which	in	Figure	2.3B	are	labeled	by	phallacidin.	As	such,	the	CM-DiI	pulse-chase	treatment	used	here	follows	only	a	subset	of	cells	 in	 the	epithelial	 layer	 through	metamorphosis,	namely	 the	 ciliated	 columnar	epithelial	cells	and	the	flask	cells	(Nakanishi	et	al.,	2014).			 By	 24	 hpr,	 CM-DiI	 labeled	 cells	 are	 no	 longer	 localized	 in	 the	 outer	 region	 of	 the	postlarvae.	The	most	abundant	CM-DiI-labeled	cell	type	is	an	archeocyte-like	cell	(Figure	2.3C,	D),	which	has	an	amoeboid	shape	and	a	 large	nucleolus,	often	possessing	putative	apoptotic	nuclear	fragments	as	observed	in	previous	studies	(Nakanishi	et	al.,	2014).	Indeed	by	12	hpr	there	is	no	evidence	of	CM-DiI	labeled	larval	ciliated	epithelial	cells;	thus,	it	appears	that	most	ciliated	epithelial	cells	had	rapidly	transformed	into	these	archeocyte-like	cells	within	a	 few	hours	of	the	initiation	of	metamorphosis.	Only	a	subset	of	cells	in	early	postlarvae	are	labeled	with	CM-DiI	(Figure	2.3C,	D)	and	these	all	have	an	archeocyte-like	morphology.	Based	on	the	size	of	nuclei	and	large	nucleolus,	many	unlabeled	cells	are	likely	to	be	archeocyte-like.	Some	of	 these	 are	 presumably	 derived	 directly	 from	 larval	 archeocytes	 and	 not	 a	transdifferentiation	event	(Nakanishi	et	al.,	2014).			 In	 late	postlarvae	(48-72	hpr),	CM-DiI	 labeled	choanocyte	chambers	can	be	observed	(Figure	 2.4).	 As	 no	 choanocyte-like	 cell	 types	 labeled	 with	 CM-DiI	 are	 detected	 in	 earlier	
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stages	of	metamorphosis,	 these	choanocytes	appear	 to	have	differentiated	 from	archeocyte-like	cells	prevalent	in	earlier	stages	of	metamorphosis	(Figure	2.3C,	D;	Nakanishi	et	al.,	2014).	Moreover,	while	there	are	choanocyte	chambers	fully	labeled	with	CM-DiI	(Figure	2.4A),	only	a	 portion	 of	 choanocytes	 is	 CM-DiI	 labeled	 in	 the	 majority	 of	 both	 newly	 formed	 small	chambers	(Figure	2.4B)	and	larger	more	mature	chambers	(Figure	2.4C).	Although	the	origin	of	 these	 unlabeled	 cells	 cannot	 be	 determined,	 this	 indicates	 that	 choanocytes	 in	 a	 given	chamber	originate	from	more	than	one	larval	cell	lineage,	resulting	in	a	non-clonal	choanocyte	chamber.	 Partially	 labeled	 choanocyte	 chambers	 indicate	 two	 possible	 scenarios:	 (1)	 initial	chamber	formation	involving	choanocyte	precursors	of	multiple	origins,	some	of	which	were	CM-DiI	 labeled,	 or	 (2)	 recruitment	 of	 CM-DiI	 labeled	 choanocytes	 after	 initial	 chamber	formation.	The	occasional	presence	of	a	single	CM-DiI-labeled	choanocyte	not	integrated	into	chambers	 (Figure	 2.4D)	 is	 consistent	with	 the	 latter	 scenario,	with	 these	 cells	 being	 future	recruits	 into	 existing	 chambers.	 Completely	 unlabeled	 choanocyte	 chambers	 are	 also	abundant	 in	 postlarvae	 and	 juveniles	 (Figure	 2.4D),	 consistent	 with	 non-labeled	 larval	epithelial	cells	or	non-epithelial	larval	lineages	such	as	the	larval	archeocytes	contributing	to	the	postlarval/juvenile	choanocyte	population,	as	previously	documented	in	(Nakanishi	et	al.,	2014).		
2.4.3	Clusters	of	choanocyte	precursors	appear	by	30	hpr				 Cell	division	in	choanocyte	chambers	was	visualized	by	using	an	anti-phospho-histone	H3	 (PH3)	 antibody	 that	 labels	mitotic	 cells	 (Goto	 et	 al.,	 1999),	 and	 anti-acetylated	 tubulin	antibody	to	label	cilia	of	choanocytes	(Figure	2.5).	To	identify	periods	and	regions	of	high	cell	proliferation	 during	 postlarval	 development,	 we	 then	 used	 sequential	 6-h	 incubation	windows	of	EdU	during	metamorphosis.	A	 large	proportion	of	cell	proliferation	detected	by	this	method	localized	to	regions	where	choanocyte	chambers	appear	to	be	forming	(Figures	2.6,	 2.7).	 In	 the	 first	 24	 h	 of	metamorphosis	 (24	 hpr),	 cell	 proliferation	 appears	 to	 be	 rare	based	on	the	number	of	nuclei	 labeled	with	EdU	(Figure	2.6A	&	B).	Most	of	the	EdU-labeled	nuclei	are	large,	consistent	with	archeocyte-like	cells	being	the	predominant	proliferating	cell	type	 at	 this	 stage;	 there	 is	 no	 evidence	 of	 choanocytes	 or	 choanocyte	 chambers	 at	 24	 hpr.	Between	24	and	30	hpr,	there	is	a	large	increase	in	proliferating	cells	(Figure	2.6C	&	D),	with	many	 EdU-labeled	 cells	 clustered	 together	 in	 a	 sphere-like	 pattern	 similar	 to	 a	 primary	chamber.	Although	ciliation	within	these	clusters	was	not	observed	at	this	stage,	these	labeled	nuclei	are	markedly	smaller	than	those	observed	in	the	archeocyte-like	cells	and	more	similar	
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to	choanocytes.	Between	30	and	36	hpr,	 the	proliferating	cell	 clusters	are	 forming	a	sphere	(Figure	 2.7A)	 with	 some	 ciliation	 occurring	 inside	 these	 clusters	 (Figure	 2.7B).	 These	localized	 clusters	 of	 EdU-labeled	 cells	 appear	 to	 be	 choanocyte	 chamber	 progenitors	 and	suggest	 the	 clusters	 of	 proliferative	 cells	 observed	 at	 30	 hpr	 are	 early-forming	 choanocyte	chambers.		
2.4.4	Differential	expression	analysis	of	the	developmental	CEL-Seq	dataset	shows	
enrichment	in	proliferation-	and	putative	choanocyte-related	genes			 As	choanocyte	chambers	start	appearing	from	30	hpr,	differential	expression	analysis	was	conducted	using	the	developmental	CEL-Seq	dataset	(Hashimshony	et	al.,	2012;	Anavy	et	al.,	2014;	Levin	et	al.,	2016),	 to	 investigate	whether	 the	emergence	of	choanocyte	chambers	could	be	transcriptionally	detected.	From	the	17	developmental	stages	in	this	dataset,	23-24	h	and	 chamber	 stage	 (between	 30-48	 hpr)	 were	 chosen	 for	 pairwise	 comparison,	 as	 these	stages	represent	time	points	before	and	after	the	emergence	of	the	first	choanocyte	chambers	during	metamorphosis.	Figure	2.8	shows	the	PCA	plot	of	the	analysis,	demonstrating	a	clear	difference	 in	 transcriptomic	 profiles	 between	 the	 23-24h	 and	 chamber	 stage.	 There	 were	1,410	 genes	 differentially	 expressed	 (p-value	 <0.05),	 with	 932	 of	 those	 genes	 significantly	upregulated	 in	 the	 chamber	 stage	 (for	 full	 list	 of	 genes	 differentially	 upregulated	 in	 the	chamber	 stage	 with	 annotations,	 see	 Appendix	 2.1).	 The	 Gene	 Ontology	 (GO)	 category	enrichment	 analysis	 of	 these	 932	 genes	 (for	 full	 list	 see	 Appendix	 2.2)	 demonstrated	 an	enrichment	of	genes	in	line	with	the	metamorphic	processes	and	cellular	changes	observed	in	this	 study	 (Figure	 2.9).	 Enrichment	 in	 GO	 terms	 related	 to	 nucleotide	 biosynthesis	corresponds	 with	 the	 increase	 in	 proliferating	 cells	 from	 30	 hpr	 observed	 during	metamorphosis	 (Figure	 2.6).	 The	 anatomical	 structure	 development	 supercluster	 is	comprised	 of	 GO	 terms	 that	 are	 related	 to	 cilia	 (e.g.	 GO:0005929	 cilium,	 GO:0032421	stereocilium	 bundle,	 GO:0015631	 tubulin	 binding,	 etc.),	 representing	 the	 emergence	 of	choanocytes	at	this	stage,	supporting	the	observational	studies	(Figures	2.2,	2.6,	2.7).		
2.4.5	Different	rates	of	proliferation	occur	in	juvenile	choanocyte	chambers			 Metamorphosis	 is	 complete	 at	 about	 72	 hpr	when	 a	 functional	 aquiferous	 system	 is	established	(Degnan	et	al.,	2015).	At	 this	stage	there	are	numerous	choanocyte	chambers	of	varying	 size	 and	 shape	 (Figure	 2.10).	 In	 general,	 most	 newly	 forming	 or	 early-stage	
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choanocyte	chambers	have	a	large	proportion	of	their	cells	labeled	with	EdU	(Figure	2.10B),	but	 rarely	 are	 all	 the	 cells	 labeled.	 The	 smaller	 chambers	with	 a	 larger	 proportion	 of	 EdU-labeled	cells	tend	to	be	enriched	towards	the	outer	edge	of	the	juvenile	(Figure	2.10A).	Larger,	and	 presumably	more	mature	 choanocyte	 chambers	 generally	 have	 very	 little	 EdU-labeling	and	 tend	 to	be	more	 centrally	 located	 (Figure	2.10C).	However,	 this	 is	not	 always	 the	 case,	suggesting	 that	 variation	 in	 proliferation	 rates	 in	 juvenile	 choanocyte	 chambers	 of	
Amphimedon	 may	 be	 dependent	 on	 a	 combination	 of	 factors	 including	 size,	 location	 and	developmental	state.			
2.5	Discussion			 In	this	study	we	investigated	the	formation	and	growth	of	choanocyte	chambers	during	metamorphosis	 of	 Amphimedon	 queenslandica.	 This	 process	 begins	 with	 ciliated	 larval	epithelial	 cells	 and	 potentially	 other	 larval	 cell	 types	 transforming	 into	 pluripotent	archeocyte-like	 cells	 within	 a	 few	 hours	 of	 the	 larva	 first	 settling	 and	 commencing	metamorphosis.	Archeocyte-like	cells	appear	to	be	the	prevalent	cell	type	during	the	first	24	h	of	 metamorphosis,	 suggesting	 most	 larval	 cells	 that	 are	 maintained	 during	 this	 transition	transform	into	archeocytes	(Nakanishi	et	al.,	2014).	Some	of	these	cells	then	differentiate	into	a	range	of	postlarval	cell	types,	including	choanocytes.	By	following	the	fate	of	CM-DiI	labeled	larval	 epithelial	 cells,	 we	 demonstrate	 here	 that	 choanocyte	 chambers	 in	 juvenile	
Amphimedon	can	be	comprised	of	cells	from	multiple	larval	origins.	There	were	also	chambers	that	 were	 completely	 labeled	 with	 CM-DiI,	 indicating	 that	 these	 chambers	 were	 either	generated	 clonally	 from	 a	 single	 progenitor	 cell	 or	 formed	 from	 multiple	 cells	 that	 were	labeled	with	CM-DiI.	The	sources	of	non-labeled	choanocytes	 includes	archeocytes	 from	the	larval	inner	cell	mass	(Nakanishi	et	al.,	2014).		
2.5.1	Multiple	mechanisms	underlie	choanocyte	chamber	formation	and	growth			 Despite	 the	 importance	 of	 choanocytes	 in	 many	 aspects	 of	 a	 functional	 sponge,	including	 the	 stem	 cell	 system,	 the	ontogeny	 of	 choanocyte	 chambers	 during	metamorphosis	has	 not	 been	 studied	 in	 great	 detail	 in	 demosponges.	 One	 of	 the	 best-described	 cases	 of	 choanocyte	 chamber	 development	 in	 demosponges	 is	 during	 asexual	reproduction	in	Ephydatia	fluviatilis.	In	this	case,	choanocyte	chambers	form	clonally	from	the	proliferation	of	 a	 single	 archeocyte	precursor	 (Rozenfeld	 and	Rasmont,	 1976;	Rasmont	 and	
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Rozenfeld,	1981).	However,	 little	 is	known	about	chamber	formation	during	metamorphosis	in	E.	fluviatilis.	During	this	process	in	A.	queenslandica,	 it	appears	that	at	least	some	primary	chambers	are	not	derived	from	a	single	progenitor	cell,	while	some	chambers	may	be	clonally	derived.	Recognizable	choanocyte	chambers	first	appear	around	36	hpr.	This	corresponds	to	a	period	of	a	marked	increase	in	cell	proliferation,	which	is	enriched	in	areas	where	chambers	appear	 to	 be	 forming.	 Chamber	 growth	 continues	 through	 the	 formation	 of	 the	 functional	juvenile	aquiferous	system,	which	occurs	at	about	72	hpr.				 The	 timing	 of	 choanocyte	 chamber	 formation	 and	 increase	 in	 proliferation	 is	supported	by	transcriptional	evidence	from	the	developmental	CEL-Seq	dataset	(Anavy	et	al.,	2014).	 The	 23-24	 h	 stage	 presumably	 contains	 many	 undifferentiated	 cells	 as	 well	 as	 a	relatively	undefined	body	plan,	whereas	 the	chamber	stage	has	multiple	differentiated	cells	(most	 notably	 the	 choanocytes;	 Figure	 2.2)	 (Anavy	 et	 al.,	 2014).	 Enrichment	 in	 GO	 terms	related	to	proliferation	and	cilia	in	the	chamber	stage	support	the	observations	made	in	this	study	 (i.e.	 increased	 proliferation	 and	 choanocyte	 chamber	 formation	 after	 30	 hpr).	 As	intercellular	bridges	in	chambers	connect	choanocytes,	the	cell	adhesion	supercluster	is	also	in	line	with	choanocyte	chamber	emergence	(Stoupin	and	Degnan,	personal	communication).	However,	 as	 there	 are	 likely	 to	 be	 many	 other	 changes	 occurring	 in	 the	 postlarval	 body	between	these	two	stages	(e.g.	canal	and	aquiferous	system	development	by	endopinacoytes,	cellular	 rearrangement	 and	 body	 growth),	 these	 differentially	 expressed	 genes	 presumably	include	genes	that	are	unrelated	to	choanocyte	chamber	formation.			 Cell	 division	 of	 choanocytes	 within	 juvenile	 A.	 queenslandica	 chambers	 is	 a	contributing	factor	to	the	growth	of	the	chamber,	as	observed	in	other	sponges	(Tanaka	and	Watanabe,	1984;	Funayama	et	al.,	2005).	In	addition,	in	A.	queenslandica	there	is	also	evidence	that	 chamber	 growth	 occurs	 by	 recruitment	 of	 individual	 choanocytes.	 Individual	 CM-DiI	labeled	choanocytes	that	are	not	associated	with	a	chamber	are	observed	in	the	Amphimedon	postlarvae	and	juveniles	(Figure	2.4D).	Furthermore,	there	are	chambers	comprised	of	a	small	number	 of	 CM-DiI	 labeled	 choanocytes	 (2-3	 cells)	 separated	 by	 multiple	 unlabeled	 cells	(Figure	2.4C).	As	observed	in	the	EdU-labeling	experiments,	the	cells	involved	in	choanocyte	chamber	formation	are	highly	proliferative,	suggesting	that	these	CM-DiI	labeled	choanocytes	are	 individual	 choanocytes	 that	 have	 been	 incorporated	 via	 recruitment	 into	 mature	choanocyte	chambers.			
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	 Based	on	the	variable	patterns	of	CM-DiI	labeling	of	chambers,	we	infer	that	chambers	develop	by	multiple	mechanisms	that	include	(1)	initial	chambers	that	are	either	clonal	or	cell	lineage	 chimeras,	 (2)	 localized	 proliferation	 in	 new	 and	 established	 chambers	 and	 (3)	 late	recruitment	of	individual	choanocytes	into	established	chambers.		In	the	first	and	third	cases,	choanocytes	 are	 derived	 from	 progenitor	 cells,	 which	 themselves	 originate	 by	 the	transdifferentiation	of	larval	cells	early	in	metamorphosis	or	from	other	archeocytes	in	larval	inner	 cell	 mass	 (Nakanishi	 et	 al.,	 2014).	We	 could	 not	 determine	 when	 individual	 CM-DiI-labeled	cells	become	incorporated	into	a	chamber	or	precisely	how	many	larval	cell	lineages	are	involved.	However,	observations	from	this	study	are	consistent	with	choanocyte	chamber	formation	and	growth	in	Amphimedon	postlarvae	and	juveniles,	involving	multiple	larval	cell	lineages	and	developmental	cell	mechanisms	(Figure	2.11).		
2.5.2	Choanocytes	are	an	essential	part	of	the	Amphimedon	stem	cell	system			 The	high	level	of	proliferation	in	choanocyte	chambers	in	 juveniles	is	consistent	with	this	 being	 a	 stem	 cell	 niche	 in	 A.	 queenslandica,	 comprised	 of	 cells	 that	 can	 undergo	 self-renewal	 and	 dedifferentiate	 into	 pluripotent	 archeocytes	 (Nakanishi	 et	 al.,	 2014).	 These	abilities,	 combined	 with	 the	 observation	 that	 choanocytes	 can	 transdifferentiate	 into	spermatocytes	in	other	sponges	(Simpson,	1984;	Leys	and	Ereskovsky,	2006),	suggest	sponge	choanocytes	are	also	pluripotent.	This	proposition	is	supported	by	the	expression	of	stem	cell	markers	 in	 E.	 fluviatilis	 (Funayama	 et	 al.,	 2010;	 Alié	 et	 al.,	 2015).	 In	 A.	 queenslandica,	choanocytes	in	juvenile	chambers	can	dedifferentiate	into	archeocytes	that	can	give	rise	to	a	diversity	 of	 somatic	 cell	 types	 (Nakanishi	 et	 al.,	 2014).	 Currently,	 it	 is	 unclear	 whether	choanocytes	in	all	choanocyte	chambers	are	dedifferentiating	at	equivalent	rates	or	whether	the	level	of	cell	proliferation	in	a	given	chamber	determines	a	choanocyte's	ability	to	generate	archeocytes.				 Archeocytes	migrate	 throughout	 the	 sponge	 body	 and	 differentiate	 into	 various	 cell	types.	Although	these	cells	have	the	capacity	for	self-renewal,	it	is	unclear	if	this	is	sufficient	to	maintain	a	 functional	population	as	a	sponge	grows	or	regenerates	(Funayama,	2013).	 In	A.	
queenslandica	postlarvae	and	young	 juveniles,	choanocytes	 in	chambers	can	be	proliferative	and	 are	 capable	 of	 dedifferentiating	 into	 archeocytes	 (this	 study;	 Nakanishi	 et	 al.,	 2014),	consistent	 with	 choanocyte	 chambers	 contributing	 to	 the	 replenishment	 of	 the	 archeocyte	pool.	This	process	is	likely	to	be	occurring	in	other	sponges	(De	Goeij	et	al.,	2009;	Alexander	et	
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al.,	 2014).	 Although	 the	 precise	 relationship	 between	 choanocyte	 proliferation	 and	dedifferentiation	 is	 currently	 unknown,	 our	 study	 shows	 that	 individual	 chambers	 vary	markedly	 in	 their	 state	 of	 proliferation,	 with	 some	 chambers	 undergoing	 extensive	 cell	division,	 while	 others	 are	 quiescent.	 Since	 sponges	 have	 highly	 variable	 regenerative	capacities,	which	 can	 influence	 growth	 form	 characteristics	 (e.g.	 branching,	 encrusting,	 and	cryptic)	 and	 susceptibility	 to	 disturbance	 (Wulff,	 2006a),	 the	 specific	 processes	 involved	 in	this	stem	cell	system	may	be	variable	between	species	as	well	(Paulus	and	Weissenfels,	1986;	Borisenko	et	al.,	2015).	The	stem	cell	system	in	A.	queenslandica	appears	to	be	an	inherently	dynamic	 system	 that	 relies	 on	 context-specific	 regulation	 of	 proliferation	 and	transdifferentiation	of	choanocytes	and	archeocytes.			 This	study	reveals	that	multiple	larval	cell	 lineages	contribute	to	the	initial	formation	of	 individual	choanocyte	chambers	at	metamorphosis	in	A.	queenslandica.	This	is	 in	contrast	to	other	demosponges,	where	individual	choanocyte	chambers	appear	to	be	clonally	derived	from	a	single	progenitor	cell.	Proliferation	of	choanocytes	in	the	chamber	and	recruitment	of	individual	choanocytes	from	outside	the	chamber	appear	to	be	the	primary	means	by	which	newly	established	chambers	grow	in	A.	queenslandica,	with	choanocytes	commencing	mitosis	about	 30	 h	 after	 the	 initiation	 of	 metamorphosis.	 Choanocytes	 appear	 to	 be	 the	 most	proliferative	cell	type	in	postlarvae	and	juveniles,	although	the	level	of	cell	proliferation	varies	greatly	between	chambers.	As	choanocytes	can	also	dedifferentiate	into	archeocyte-like	cells,	cell	proliferation	 in	chambers	may	not	only	contribute	 to	chamber	growth	and	self-renewal	but	also	the	replenishment	of	pluripotent	archeocytes.					 	
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Figures	
	
 
 
Figure 2.1 Anatomy of a choanocyte chamber in Amphimedon queenslandica  
(A) A schematic drawing of a choanocyte chamber consisting of multiple choanocytes with 
a collar of microvilli and cilium pointing inwards. (B) A confocal section of a choanocyte 
chamber in Amphimedon queenslandica consisting of multiple choanocytes with cilia 
pointing inwards. Nuclei (nu) are stained with DAPI (blue); cilia (ci) are 
immunofluorescently labeled with an anti-acetylated alpha tubulin antibody as well as CM-
DiI, which also label the cell body (red). Abbreviations: ci, cilium; mi, microvilli; nu, nucleus. 
Scale bar: 5 µm. 
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Figure 2.2 Ciliation pattern changes show choanocyte chamber formation timing 
during metamorphosis in Amphimedon queenslandica (legend over page) 
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Figure 2.2 Ciliation pattern changes show choanocyte chamber formation timing 
during metamorphosis in Amphimedon queenslandica  
Nuclei are stained with DAPI (blue) and cilia are immunofluorescently labeled with an anti-
acetylated alpha tubulin antibody (green). (A) A confocal section of the external epithelium 
of a competent larva. Cilia occur predominantly on the apical surface of epithelial cells 
(arrowhead), while there is no evidence of ciliation in the inner cell mass. (B) 6 hours post 
resettlement (hpr). The epithelial integrity is lost (Nakanishi et al., 2014). Cilia are 
becoming resorbed into former epithelial cells (Leys and Degnan, 2002), and thus ciliation 
is no longer found on the external surface of the postlarva (white line). (C) 12 hpr. Overall 
ciliation is reduced. Cells containing the resorbed cilia are internalized (white line) and 
have not yet reached the edge of the body (white line). (D) 24 hpr. Cells containing 
resorbed cilia spread across the body (white line). (E) 48 hpr. Small choanocyte chambers 
are forming throughout the body (arrowheads, circled by white dotted line), with some cells 
containing resorbed cilia still visible. (F) 72 hpr. Larger choanocyte chambers are present 
(arrowheads, circled by white dotted line), with fewer cells containing resorbed cilia visible. 
Scale bars: 25 µm.  
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Figure 2.3 Larval epithelial cells transform into archeocytes during early 
metamorphosis  
Nuclei are stained with DAPI (blue), and subsets of cells are labeled with CM-DiI (red) or 
phalloidin (green). (A) A confocal section of a competent larva labeled with CM-DiI. CM-DiI 
labeled cells are present only in the epithelial layer of the larva. The dotted line indicates a 
boundary between the epithelial layer and subepithelial layer with the inner cell mass. (B) 
Confocal section of the larval epithelial layer showing ciliated columnar epithelial cells 
labeled with CM-DiI (arrowhead, circled by dotted line). Globular (spherulous) cells are 
non-specifically labeled by phalloidin (arrow, circled by dotted line). (C) Confocal section of 
archeocytes found during early metamorphosis in 24hpr postlarvae. (D) A high 
magnification image of an archaeocyte. Small DAPI signals (arrows) are putative nuclear 
fragments obtained via phagocytosis of larval cells that underwent apoptosis at 
metamorphosis (Nakanishi et al., 2014; Degnan et al., 2015). The arrowhead shows the 
much larger and less heavily stained nucleus of this archeocyte. Scale bars: A, 40 µm; B-
D, 15 µm.  
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Figure 2.4 Evidence of non-clonal choanocyte chambers visualized by differential 
CM-DiI labeling of postlarval and juvenile choanocyte chambers  
Nuclei are stained with DAPI (blue) and cells derived from the larval epithelium are labeled 
with CM-DiI (red). (A) A choanocyte chamber completely labeled with CM-DiI. This 
chamber could have formed by a single progenitor cell (clonal) or multiple CM-DiI labeled 
progenitor cells (non-clonal). (B) A non-clonal choanocyte chamber indicated by a large 
cluster of CM-DiI labeled (arrowhead) and unlabeled choanocytes in a single chamber. (C) 
Two small clusters of CM-DiI labeled choanocytes (arrowheads) in a largely unlabeled 
chamber. The arrow shows a neighbouring archeocyte also labeled with CM-DiI. (D) 
Unlabeled choanocyte chambers (circled by dotted line), and a single choanocyte in the 
extracellular matrix (arrowhead). CM-DiI labeled vesicles are visible within the unlabeled 
choanocytes. Scale bars: A-B, 5 µm; C-D, 10 µm.  
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Figure 2.5 Choanocyte chambers with anti-PH3 labeled nuclei in a 72 hpr juvenile 
Confocal sections of a single choanocyte chamber. Nuclei are stained with DAPI (blue), 
and cilia are immunofluorescently labeled with an anti-acetylated alpha tubulin antibody 
(green), and mitotic nuclei are labeled with anti-phospho-Histone H3 antibody (magenta). 
Note in (B) that a subset of choanocytes in the chamber is PH3- positive, indicative of 
mitosis (arrowheads). Scale bar: 5 µm. 
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Figure 2.6 Proliferating nuclei labeled with EdU during early postlarval development 
Nuclei are stained with DAPI (blue) and mitotic nuclei pulse-labeled with EdU (green). (A & 
B) 24 hpr postlarva pulse-labeled with EdU from 18 to 24 hpr. A small number of nuclei are 
labeled with EdU (arrowheads). (C & D) 30 hpr postlarva pulse-labeled with EdU (from 24 
to 30 hpr). An increase in proliferation rate can be observed, with clusters of EdU positive 
nuclei evident as well (arrowheads). Scale bars: A, C, 40 µm; B, D, 15 µm. 
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Figure 2.7 Cells in early choanocyte chambers labeled with EdU  
Nuclei are stained with DAPI (blue) and EdU (green), and cilia are immunofluorescently 
labeled with an anti-acetylated alpha tubulin antibody (red). (A) A confocal section of a 36 
hpr postlarva pulse-labeled with EdU from 30 to 36 hpr. Clusters of EdU positive nuclei are 
observed. (B) A high magnification image of clusters of EdU positive cells (putative early 
choanocyte chambers (circled with dotted line) in a 36 hpr postlarva. At this stage, the cilia 
(arrowheads) are observed inside early choanocyte chambers. Scale bars: A, 20µm; B, 10 
µm. 
 
 
Figure 2.8 Principal component analysis (PCA) of the 23-24 h and chamber stages 
PCA shows the two stages clustering separately along PC1, which accounts for 62% of 
the variance observed between these samples.  
BA
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Figure 2.9 Summary of the GO enrichment analysis of the differentially upregulated 
genes in the chamber stage  
Summary of the GO enrichment analysis on chamber stage upregulated genes visualized 
using REVIGO (Supek et al., 2011). The size of the square reflects the frequency of the 
GO terms found within the results of the GO enrichment analysis. Enrichment in GO 
superclusters such as nucleotide biosynthesis, anatomical structure development and cell 
adhesion support the observations made in this study. 
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Figure 2.10 EdU labeling in juvenile choanocyte chambers show variation in 
proliferation rates of individual chambers (legend over page)  
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Figure 2.10 EdU labeling in juvenile choanocyte chambers show variation in 
proliferation rates of individual chambers 
Nuclei are stained with DAPI (blue) and EdU (green), and cilia and cytoplasm 
immunofluorescently labeled with both anti-acetylated alpha tubulin antibody and anti-
tyrosinated tubulin antibody (red). (A) Juvenile labeled with EdU from 72 to 78 hpr. The 
right bottom corner of the micrograph is closer to the center of the juvenile and the top left 
corner is the outer edge of the juvenile. Many EdU positive nuclei are found throughout the 
juvenile body. There are variations in the number of EdU labeling found in chambers 
ranging from little to no EdU signals (arrows) to many or all nuclei labeled with EdU 
(arrowheads). (B) Choanocyte chambers with numerous EdU labeling. These appear to be 
early choanocyte chambers with relatively short cilia (arrowhead) or little to no cilia (arrow). 
(C) A mature choanocyte chamber with no EdU labeling (arrowhead).  The small punctate 
EdU signals (arrow) are presumably proliferating bacteria. Scale bars: A, 80 µm; B-C, 10 
µm. 
 
 
 
 
 
 
Figure 2.11 Proposed model of choanocyte chamber formation in Amphimedon 
queenslandica  
During metamorphosis, postlarval archeocytes form choanocyte chambers from either a 
single progenitor cell, or from multiple cells. Choanocyte chambers grow by proliferation of 
choanocytes within the chamber, and by recruitment of choanocytes into mature 
chambers.  
 
	 	
Chamber formation 
via single cell
Cell division within 
the chamber
Archeocyte
Recruitment of choanocytes
into chambers
Chamber formation
via multiple cells
Postlarval 
archeocyte
Juvenile/adult 
choanocyte chambers
Metamorphosis Growth, tissue maintenance 
and regeneration
	 41	
Chapter	3	-	Characterization	of	cell-type	specific	transcriptomes	
in	Amphimedon	queenslandica	
3.1	Abstract			 As	multiple	genomic	and	transcriptomic	datasets,	as	well	as	advanced	molecular	tools	become	 available	 in	many	unicellular	 holozoan	 species,	 there	 is	 an	 increasing	 necessity	 for	such	 datasets	 and	 tools	 to	 also	 become	 available	 in	 basal	 metazoans.	 This	 will	 allow	 for	comparative	analyses	in	the	investigation	of	the	evolution	of	metazoan	multicellularity.	In	this	chapter,	 I	obtained	cell	 type	specific	CEL-Seq	 transcriptomes	 from	 three	different	 cell	 types	representing	the	major	components	of	the	sponge	body	plan:	archeocytes	(mesenchymal	stem	cells);	 choanocytes	 (feeding	 cells	 forming	 part	 of	 the	 epithelial	 layer)	 and	 pinacocytes	(epithelial	 cells).	 Differential	 expression	 analysis	 shows	 these	 transcriptomes	 are	 distinct	from	each	other,	with	enrichment	 in	genes	 indicative	of	 their	 role	 in	 the	 sponge	body.	This	includes	stem	cell-related	genes	 (e.g.	 cell	 cycle	 regulation,	mitosis,	 transcription,	 translation	and	 RNA	 processing)	 enriched	 in	 archeocytes,	 as	 well	 as	 epithelial	 cell	 function	 (cell-cell	adhesion	and	cell	polarity	genes)	and	signaling	pathway	related	genes	(e.g.	Notch,	Hedghog,	cAMP,	TGF-β)	enriched	in	choanocytes	and	pinacocytes.	I	also	applied	an	alternative	approach	to	analyze	cell	type	differential	gene	expression	using	a	quartile	expression	analysis	of	the	full	expressed	gene	 lists.	This	analysis,	which	classifies	expressed	genes	 into	quartiles	based	on	level	 of	 expression	 (i.e.	 relative	 transcript	 abundance)	 allowed	 for	 reconstruction	 of	whole	signaling	 and	 physiological	 pathways	 in	 each	 cell	 type,	 as	 well	 as	 identifying	 gene	 sets	expressed	 in	 all	 cell	 types.	 This	 chapter	 also	 investigates	 the	 proposed	 homology	 between	choanocytes	 and	 choanoflagellates	 by	 identifying	 a	 shared	 gene	 repertoire	 between	choanocytes	and	choanoflagellates,	exclusive	to	the	other	sponge	cell	types.	From	the	results	of	 phylostratigraphy	 enrichment,	 shared	 OrthoGroups	 (OGs),	 and	 transcription	 factor	enrichment	analyses,	 I	 found	no	strong	evidence	for	choanocytes	sharing	a	conserved	set	of	genes	with	choanoflagellates.	This	is	a	potentially	useful	tool	for	investigating	transcriptomes	in	 sponges,	 which	 appear	 to	 maintain	 high	 developmental	 plasticity	 in	 many	 cell	 types.	Overall,	 this	 study	 provides	 the	 most	 comprehensive	 cell	 type	 specific	 transcriptome	 in	sponges	 to	 date,	 demonstrating	 its	 potential	 use	 in	 future	 gene	 expression	 and	 functional	assays	as	well	as	comparative	analyses	and	cell	type	evolution	studies.	
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3.2	Introduction		
3.2.1	Recent	advances	in	comparative	analyses	investigating	the	evolution	of	metazoan	
multicellularity				 The	 specific	 steps	 that	 lead	 to	 the	 evolution	 of	 metazoan	 multicellularity	 remains	unknown,	 while	 continuous	 progress	 is	 being	 made	 to	 elucidate	 what	 this	 last	 metazoan	common	 ancestor	 looked	 like.	 One	 possible	 scenario	 of	 the	 evolution	 of	 this	 hypothetical	multicellular	organism	starts	from	a	colony	of	flagellated	protists	(King,	2004;	Nielsen,	2008;	Funayama,	 2013).	 In	 this	 scenario,	 colonies	 of	 unicellular	 organisms	 (similar	 to	choanoflagellate	 colonies)	 evolve	 into	 larger	 multicellular	 organisms	 that	 include	 the	evolution	 and	 specialization	 of	 different	 cell	 types,	 ultimately	 leading	 to	 the	 emergence	 of	mesenchymal	stem	cells	to	accommodate	the	requirements	of	a	multicellular	organism	with	a	large	interior	(Figure	3.1).				 Research	progress	on	unicellular	holozoans	in	recent	years	has	advanced	the	capacity	for	comparative	analyses,	providing	a	better	picture	of	the	steps	and	components	necessary	for	acquiring	metazoan	multicellularity.	Genomic	and	transcriptomic	data	have	revealed	that	many	 of	 the	 components	 of	 developmental	 gene	 regulatory	 networks	 (GRNs),	 including	conserved	 signaling	 pathways	 and	 transcription	 factors	 largely	 considered	 as	 metazoan	innovations,	 antedate	metazoan	multicellularity	 (King	 et	 al.,	 2008;	Rokas,	 2008b;	Peter	 and	Davidson,	2011;	Fairclough	et	al.,	2013;	Suga	et	al.,	2013).	Hence,	it	is	now	widely	considered	that	 integration	 and	 co-option	 of	 pre-existing	 genes	 into	 regulatory	 networks	 played	 an	essential	 role	 in	 the	 transition	 to	 metazoan	 multicellularity,	 rather	 than	 simple	 gene	innovation	and	expansion	(Fairclough	et	al.,	2013;	Suga	et	al.,	2013;	Villar	et	al.,	2014;	Sebé-Pedrós	 and	 de	 Mendoza,	 2015;	 Gaiti	 et	 al.,	 2016;	 Sebe-Pedros	 et	 al.,	 2016).	 As	 there	 are	molecular	 tools	 and	 techniques	 becoming	 increasingly	 available	 in	 a	 number	 of	 holozoans	[e.g.	 isolation	 of	 bacterial	 lipids	 that	 that	 act	 as	 an	 activator,	 inhibitor,	 and	 a	 synergistic	enhancer	for	colony	formation	in	choanoflagellate	Salpingoeca	rosetta	(Woznica	et	al.,	2016),	a	 complete	 functional	 genomic	 platform	 (genome,	 transcriptome	 and	 proteome)	 in	 the	filasterean	Capsaspora	owczarzaki	(Sebe-Pedros	et	al.,	2016),	transgenesis	via	electroporation	and	 gene	 silencing	 with	 siRNA	 and	 morpholinos	 in	 the	 icthyosporean	 Creolimax	
fragrantissima	(Suga	and	Ruiz-Trillo,	2013)],	it	is	essential	for	such	datasets	and	tools	to	also	
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become	 available	 in	 basal	 metazoans.	 Together	 these	 will	 provide	 a	 better	 picture	 of	 the	evolution	of	metazoan	multicellularity.			 In	recent	years,	numerous	resources	are	emerging	from	a	wide	range	of	sponge	species	including	 eight	 transcriptomes	 from	all	 four	poriferan	 classes	 (Demospongia,	Hexacinellida,	Calcarea,	 Homoscleromorpha;	 Riesgo	 et	 al.	 2014),	 cell	 type	 transcriptome	 from	 the	demosponge	 Ephydatia	 fluviatilis	 (Alié	 et	 al.,	 2015),	 a	 choanocyte	 transcriptome	 from	
Ephydatia	muelleri	(by	comparison	of	 a	normal	 juvenile	and	a	hydroxyurea	 treated	 juvenile	without	choanocyte	chambers)	(Pena	et	al.,	2016),	and	genomes	and	transcriptomes	from	the	calcareous	sponges	Sycon	ciliatum,	Leucosolenia	complicata	(Fortunato	et	al.,	2012;	Fortunato	et	al.,	2014a),	and	a	homoscleromorph	Oscarella	carmela	(Nichols	et	al.,	2012).	Regardless	of	whether	sponges	are	truly	the	oldest	extant	metazoan	lineage	(see	Chapter	1	for	discussion	of	debates	 of	 earliest	 branching	 extant	 phyletic	 lineage	 of	 animals),	 they	 are	 undoubtedly	essential	for	comparative	analyses	when	investigating	metazoan	multicellularity.		
	
3.2.2	The	sponge	body	plan	and	a	conserved	gene	repertoire			 Sponges	 lack	 true	 tissues	 and	 organs	 such	 as	 a	 mouth,	 a	 gut	 or	 a	 nervous	 system	(Maldonado,	 2004;	 Nielsen,	 2008),	 and	 have	 relatively	 simple	 body	 plans	 consisting	 of	external	 and	 internal	 epithelial	 cells	 and	 a	mesohyl	 in	 between	 these	 cell	 layers	 containing	multiple	cell	types.	This	unique	and	simple	body	plan	provides	an	opportunity	to	gain	insight	into	 the	 evolution	 of	 metazoan	 multicellularity.	 The	 demosponge	 body	 plan	 is	 mainly	comprised	of	the	aquiferous	system,	consisting	of	numerous	choanocyte	chambers	connected	to	canals	lined	by	endopinacocytes,	leading	to	the	osculum,	where	all	of	the	excurrent	canals	join,	pumping	out	water	and	waste	from	the	sponge	body	(Reiswig,	1975;	Weissenfels,	1981).	The	 outer	 epithelial	 layer	 consists	 of	 exopinacocytes,	 while	 the	 sponge	 is	 attached	 to	 the	substrate	via	the	basopinacocytes	(Leys	and	Hill,	2012).	The	internal	area	between	the	outer	cell	 layer	 (exopinacocytes)	and	 inner	 cell	 layer	 (choanocytes	and	endopinacocytes)	 forming	canals	is	called	the	mesohyl.	A	number	of	other	cell	types	are	found	in	this	region,	including	archeocytes	 (mesenchymal	 stem	 cells),	 sclerocytes	 (spicule	 forming	 cells),	 and	 spongocytes	(spongin	fiber	forming	cells)	(Ereskovsky,	2005;	Degnan	et	al.,	2015).							 While	 sponges	 may	 not	 resemble	 eumetazoan	 body	 plans	 at	 first	 glance,	 there	 is	evidence	of	conserved	GRNs	playing	crucial	roles	in	development	as	observed	in	eumetazoans	
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(Larroux	 et	 al.,	 2006;	 Adamska	 et	 al.,	 2007a;	 Adamska	 et	 al.,	 2010;	 Srivastava	 et	 al.,	 2010;	Windsor	and	Leys,	2010;	Richards	and	Degnan,	2012;	Leininger	et	al.,	2014;	Gaiti	et	al.,	2015;	Fernandez-Valverde	 and	Degnan,	 2016;	 Levin	 et	 al.,	 2016;	 Schenkelaars	 et	 al.,	 2016).	Many	gene	 expression	 studies	 have	 demonstrated	 spatiotemporal	 expression	 of	 genes	 potentially	conserved	 in	 development	 and	 body	 plan	 formation	 in	 sponges	 as	 well,	 including	 the	canonical	Wnt	signaling	pathway	during	embryonic	patterning	in	A.	queenslandica	(Adamska	et	 al.,	 2010),	 as	well	 as	playing	a	 role	 in	aquiferous	 system	 formation	 in	Ephydatia	muelleri	(Windsor	and	Leys,	2010),	where	they	also	identified	the	osculum	as	an	inductive	organizer	(similar	 to	 the	 blastopore	 lip	 in	Nematostella	 vectensis	 (Kraus	 et	 al.).	 A	 recent	 study	 on	 E.	
muelleri	has	demonstrated	that	functional	aquiferous	systems	could	not	be	established	when	the	Rho/Rock	pathway	was	inhibited	(Schenkelaars	et	al.,	2016).	As	the	Rho/Rock	pathway	is	suggested	to	be	involved	in	the	non-canonical	Wnt	pathway	in	bilaterians	(Winter	et	al.,	2001;	Schlessinger	et	al.,	2009),	it	is	interesting	to	see	whether	this	interaction	exists	in	sponges	as	well.	 Transcription	 factors	 involved	 in	 endomesoderm	 development	 (e.g.	 GATA,	 Brachyury,	Cdx,	 Tcf/β-catenin)	 in	 eumetazoans	 are	 also	 expressed	 in	 micromeres	 differentiating	 into	choanocytes	during	metamorphosis	and	the	choanoderm	of	adult	S.	ciliatum	(Leininger	et	al.,	2014),	as	well	as	A.	queenslandica	embryos	(Adamska	et	al.,	2010)	and	juvenile	choanoderm	(Nakanishi	et	al.,	2014),	although	whether	or	not	true	germ	layers	exist	in	sponges	have	not	been	confirmed.				 To	capture	the	broad	scale	changes	in	gene	expression	throughout	the	development	of	
A.	queenslandica,	 a	 developmental	 CEL-Seq	dataset	was	 recently	 generated	 consisting	 of	 82	samples	from	17	developmental	stages	ranging	from	early	embryo	to	adult	(Hashimshony	et	al.,	 2012;	 Anavy	 et	 al.,	 2014;	 Levin	 et	 al.,	 2016).	 This	 dataset,	 however,	 does	 not	 contain	specific	 information	 on	 cell	 types	 or	 cell	 layers	 of	 postlarval	 stages	 and	 onwards	 as	 1)	 the	sampling	 focused	 on	 early	 development	 (embryogenesis	 and	 larvae)	 and	 contain	 only	 few	stages	between	metamorphosis	and	adults,	and	2)	the	precise	timing	of	emergence	of	specific	cell	types	are	still	not	determined.	Thus,	this	study	aimed	to	obtain	a	dataset	to	enable	further	investigations	on	gene	expression	of	adult	cell	 types	and	structures,	by	sequencing	cell	 type	specific	transcriptomes	in	A.	queenslandica.	
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3.2.3	Cell	type	transcriptomes	and	their	use	in	comparative	analyses			 Recent	advances	in	next-generation	sequencing	have	allowed	researchers	to	sequence	single	cells	to	obtain	cell	type	specific	transcriptomes	(Shapiro	et	al.,	2013;	Schwartzman	and	Tanay,	2015).	This	allows	investigation	into	the	genetic	repertoire	being	used	in	a	cell	type	as	well	as	potentially	revealing	cell	lineages	and	subpopulations	within	a	cell	type	(Shapiro	et	al.,	2013;	 Dueck	 et	 al.,	 2016).	 Cell	 type	 specific	 transcriptomes	 are	 also	 important	 for	understanding	cell	behaviour	and	identity	within	an	organism,	with	recent	studies	suggesting	these	datasets	also	hold	the	potential	of	revealing	cell	type	evolutionary	histories	(Achim	and	Arendt,	 2014;	 Arendt	 et	 al.,	 2016).	 In	 sponges,	 a	 recent	 study	 sequenced	 cell	 type	 specific	transcriptomes	 of	 choanocytes,	 archeocytes	 and	 a	 mixture	 of	 other	 cell	 types	 in	 the	freshwater	sponge	E.	fluviatilis	(Alié	et	al.,	2015).	This	revealed	a	conserved	repertoire	of	stem	cell	 related	genes	 in	metazoans,	 providing	 insight	 into	 the	 gene	 repertoire	of	 the	metazoan	last	common	ancestor.					 In	order	to	provide	a	more	comprehensive	cell	type	transcriptome	dataset	in	sponges,	here	 I	use	 the	single-cell	RNA-Seq	technique	CEL-Seq2	(Hashimshony	et	al.,	2016)	 to	assess	the	transcriptomes	of	choanocytes,	archeocytes	and	pinacocytes	in	the	marine	demosponge	A.	
queenslandica.	 Principle	 component	 analysis	 distinguished	 these	 three	 cell	 type	transcriptomes,	 with	 all	 cell	 types	 enriched	 in	 genes	 indicative	 of	 their	 role	 in	 the	 sponge	body.	I	also	performed	a	number	of	analyses	on	the	cell	type	transcriptomes	to	investigate	the	similarity	 between	 choanocytes	 and	 choanoflagellates,	 resulting	 in	 no	 strong	 evidence	 of	significant	 similarities	 in	 the	gene	 repertoires	used	 in	 choanocytes	 and	 choanoflagellates.	A	method	 of	 looking	 at	 generally	 expressed	 genes	 using	 quartile	 values	 is	 also	 discussed,	suggesting	 their	 potential	 usage	 in	 future	 studies	 on	 sponge	 transcriptomes.	 Overall,	 this	study	provides	a	comprehensive	cell	type	transcriptome	dataset	from	three	core	cell	types	in	the	 sponge,	 allowing	 further	 investigations	 on	 the	 gene	 repertoire	 of	 epithelial	 cells	 and	mesenchymal	stem	cells	in	an	early	branching	metazoan	phylum.			 	
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3.3	Methods	
3.3.1	Sample	collection	and	isolating	cells	from	A.	queenslandica			 Adult	A.	queenslandica	were	 collected	 from	 Shark	Bay,	Heron	 Island	 and	 transferred	and	maintained	 in	 the	 aquarium	at	 the	University	 of	Queensland,	 St.	 Lucia.	 Subsequent	 cell	isolation	steps	were	conducted	within	three	days	of	collection	to	minimize	the	time	spent	in	the	 aquaria.	 Sponges	 were	 cut	 into	 cubes	 of	 tissue	 approximately	 1	 cm3	 in	 size,	 and	mechanically	dissociated	using	a	20	μm	mesh	and/or	by	squeezing	with	the	tissue	cube	with	forceps.	This	cell	suspension	was	then	diluted	with	0.22	μm-filtered	seawater	(FSW)	and	each	cell	 type	was	 identified	 using	morphological	 features	 distinct	 to	 each	 cell	 type	 (Fieth	 et	 al.	unpublished),	 which	 were	 then	 collected	 using	 an	 inverted	 microscope	 (Nikon	 Eclipse	 Ti	microscope)	 and	 a	 micromanipulator	 (MN-4,	 Narishige)	 connected	 to	 CellTram	 Oil	(Eppendorf).	Microcapillaries	were	pulled	using	the	P-97	flaming/brown	micropipette	puller	(Sutter	 Instruments).	 Samples	were	 collected	 and	 sequenced	 as	pools	 of	 cells:	 5-6	 cells	 per	sample	 for	 archeocytes	 and	 pinacocytes,	 whole	 individual	 choanocyte	 chambers	 for	choanocytes	(roughly	40-60	cells).	Samples	were	collected	from	three	different	adult	sponges	to	 account	 for	 genetic	 variation.	 From	 each	 individual,	 5	 samples	 of	 archeocytes	 and	choanocytes,	 and	3	 samples	 of	 pinacocytes	were	 obtained,	 giving	 a	 total	 of	 39	 samples	 (15	archeocyte	 and	 choanocyte,	 and	 9	 pinacocyte	 samples).	 All	 samples	 were	 collected	 within	approximately	 15	minutes	 after	 dissociation,	 to	minimize	 the	 effect	 of	 dissociation	 on	 gene	expression	of	the	cells.	Collected	cells	were	flash	frozen	in	a	dry-ice/ethanol	bath,	and	stored	at	-80°C	in	approximately	0.3-0.5	μl	of	FSW.		
	
3.3.2	CEL-Seq2	sample	preparation	and	sequencing			 Samples	were	prepared	using	 the	CEL-Seq2	protocol	 (Hashimshony	et	al.,	2016)	and	sequenced	 at	 the	 Ramaciotti	 Centre	 for	 Genomics	 (UNSW),	 Sydney,	 Australia	 on	 Illumina	HiSeq2500	on	rapid	mode	using	HiSeq	Rapid	SBS	v2	reagents	(Illumina).	The	samples	were	sequenced	in	two	sequencing	runs.	Paired-end	sequencing	was	performed	with	15	bp	for	the	first	 read	 to	 recover	 the	 barcode	 of	 the	 samples,	 and	 55	 bp	 for	 second	 read	 to	 obtain	 the	mRNA	transcript	(Hashimshony	et	al.,	2016).			
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3.3.3	CEL-Seq	expression	analysis	pipeline		
	 CEL-Seq	reads	were	processed	using	a	publicly	available	pipeline	 for	demultiplexing,	mapping	 and	 counting	of	 transcripts,	 from	 the	Yanai	 group	at	Technion	 -	 Israel	 Institute	of	Technology	 (https://github.com/yanailab/CEL-Seq-pipeline).	The	demultiplexed	 reads	were	mapped	on	to	the	A.	queenslandica	genome	and	read	counts	were	generated	using	the	late-set	version	of	the	A.	queenslandica	gene	models	(gene	model	version	Aqu2.1;	Fernandez-Valverde	et	al.,	2015).	On	average,	60%	of	the	reads	were	successfully	mapped	back	to	the	genome	(for	details	 of	 the	 statistics	 of	 demultiplexing	 and	mapping	 see	 Appendix3.1).	 As	 samples	 with	total	read	counts	lower	than	1,000,000	reads	formed	their	own	cluster	in	the	initial	principal	component	 analysis	 (PCA)	 (Appendix	 3.2),	 these	 samples	 were	 regarded	 as	 low	 quality	samples	and	were	removed	from	all	subsequent	analyses.			
	
3.3.4	Differential	expression	analysis			 The	 resulting	 counts	 were	 analyzed	 for	 differential	 gene	 expression	 using	 the	bioconductor	package	DESeq2	(Anders	and	Huber,	2010;	Love	et	al.,	2014).	Gene	counts	with	a	row	sum	of	zero	were	removed.	PCA	analyses	were	performed	on	blind	variance	stabilizing	transformed	 (vsd)	 counts	 obtained	 using	 DESeq2	 and	 were	 visualized	 using	 the	 ggplot2	package	(Wickham,	2009).	Pairwise	comparisons	were	conducted	between	each	of	the	three	cell	 types	 to	generate	a	differentially	expressed	gene	(DEG)	 list	 for	each	cell	 type.	A	 total	of	11,013	 genes	were	 identified	 as	 differentially	 expressed	 among	 the	 three	 cell	 types	with	 a	false	 discovery	 rate	 (FDR)	 <	 0.05.	 Venn	 diagrams	 were	 generated	 using	 VENNY	(http://bioinfogp.cnb.csic.es/tools/venny),	to	visualize	and	compare	the	list	of	DEGs	between	each	cell	type.	Heatmaps	were	generated	using	the	R-packages	pheatmaps	(Kolde,	2012)	and	RColorBrewer	(Neuwirth,	2011)	to	visualize	the	expression	patterns	of	the	genes	of	interest	between	the	cell	types	using	the	vsd	transformed	counts.	
	
3.3.5	Genome	annotation	and	analyses			 All	 A.	 queenslandica	 (Aqu2.1;	 Fernandez-Valverde	 et	 al.,	 2015)	 gene	 models	 were	annotated	 in	 collaboration	 with	 Selene	 Fernandez-Valverde	 and	 William	 Hatleberg,	 using	three	approaches	as	described	in	Fernandez-Valverde	et	al.	(2015)	and	Hatleberg	(2016;	PhD	thesis	in	review).	The	first	was	performed	using	blastp	(Altschul	et	al.,	1990)	(e-value	cutoff	=	
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1e-3)	 and	 InterPro	 scans	 (default	 settings),	which	were	merged	 in	Blast2GO	 (Conesa	 et	 al.,	2005;	Götz	et	al.,	2008);	 this	 is	 referred	 to	as	 ‘Blast2GO/	 InterPro’.	The	second,	 ‘Trinotate	–	BLAST’,	and	third,	‘Trinotate	–	Pfam’,	were	compiled	using	built-in	Trinotate	functions	at	the	recommended	 default	 settings	 (Grabherr	 et	 al.,	 2011).	 These	 methods	 all	 use	 sequence	similarity	 to	 infer	 gene	 function	based	on	 the	known	 function	of	 the	orthologous	 sequence.	However,	Pfam	and	InterPro	methods	rely	on	sequence	similarity	to	known	protein	domains,	whereas	BLAST-based	methods	infer	protein	or	nucleotide	homology	from	the	entire	protein	or	transcript.	KEGG	annotations	were	obtained	using	the	online	tool	BlastKOALA	(Kanehisa	et	al.,	 2016).	 Pathway	 analyses	were	 performed	 using	 the	 obtained	 annotations	 on	 the	 KEGG	Mapper	 -	 Reconstruct	 Pathway	 tool	 (Kanehisa	 et	 al.,	 2015).	 Complete	 DEG	 lists	 with	BLAST2GO,	InterPro,	Pfam,	and	phylostrata	ID	can	be	found	in	Appendix	3.3,	as	well	as	KEGG	pathway	enrichments	in	Appendix	3.4.	
	
3.3.6	Phylostratigraphy	analyses			 To	 observe	 the	 evolutionary	 history	 of	 genes	 upregulated	 in	 each	 cell	 type,	phylostratigraphy	analyses	(Domazet-Lošo	et	al.,	2007;	Domazet-Lošo	and	Tautz,	2010)	were	performed	as	described	in	Hatleberg	(2016;	PhD	thesis	in	review)	using	blastp	(Altschul	et	al.,	1990)	on	a	custom	database	(Aguilera	et	al.,	2017)	with	an	e-value	cutoff	of	0.001.	Due	to	the	phylogenetic	position	of	A.	queenslandica,	the	phylostratigraphy	database	used	in	Aguilera	et	al.	 (2017)	 was	 modified.	 Specifically,	 because	 A.	 queenslandica	 is	 a	 basal	 species,	 all	eumetazoan	and	bilaterian	taxa	were	moved	into	the	metazoan	phylostratum.	In	addition,	the	following	 phylostrata:	 Porifera,	 Demosponge,	 and	Haplosclerid,	were	 added	 to	 increase	 the	representation	of	poriferan	transcriptomes.				 The	 estimated	 phylogenetic	 origin	 for	 each	 gene	 within	 a	 given	 gene	 list	 was	determined	based	on	a	custom	blast	database	containing	1,757	genomes	and	transcriptomes.	Every	gene	model	in	A.	queenslandica	was	blasted	against	each	sequence	in	the	database,	and	a	 proxy	 for	 age	 of	 gene	 origin	 was	 determined	 based	 on	 the	 oldest	 blast	 hit	 relative	 to	 a	predetermined	phylogenetic	 tree.	Phylostratigraphy	enrichments	were	performed	using	 the	odds	 ratio	 (Domazet-Lošo	 et	 al.,	 2007)	 in	 the	 BioConductor	 package,	 GeneOverlap	 (Shen,	2014),	in	R	(R	Core	Team,	2013).		
	
	 49	
3.3.7	Orthology	analyses			 Orthology	 analyses	 were	 performed	 in	 collaboration	 with	 William	 Hatleberg	 as	described	 in	 Hatleberg	 (2016;	 PhD	 thesis	 in	 review),	 using	 FastOrtho	(http://enews.patricbrc.org/fastortho/)	 from	a	custom	 ‘all-vs-all’	blastp	database	of	peptide	sequences	from	18	eukaryote	genomes,	using	the	following	configuration	settings:	pv_cutoff	=	1e-5;	pi_cutoff	=	0.0;	pmatch_cutoff	=	0.0;	maximum_weight	=	316.0;	inflation	=	1.5;	blast_e	=	1e-5.	 Orthology	 of	 gene	 lists	 is	 indicated	 by	 the	 percentage	 of	 genes	 that	 have	 known	orthology	 based	 on	 FastOrtho	 results.	 Shared	 OrthoGroup	 (OG)	 analysis	 between	 A.	
queenslandica	and	S.	rosetta	cell	types	were	performed	using	the	odds	ratio	(Domazet-Lošo	et	al.,	2007)	in	the	BioConductor	package,	GeneOverlap	(Shen,	2014),	in	R	(R	Core	Team,	2013).	The	genome	and	cell	type	specific	DEG	lists	from	S.	rosetta	were	obtained	from	Fairclough	et	al.	(2013).	
	
3.3.8	Identification	of	A.	queenslandica	transcription	factors			
	 To	 obtain	 a	 comprehensive	 list	 of	 A.	 queenslandica	 transcription	 factors	 (TFs),	 a	number	of	methods	were	applied	to	independently	obtain	a	putative	TF	list,	as	well	as	going	through	the	literature	for	previously	reported	TFs.			
	 3.3.8.1	Transcription	factor	prediction	using	the	DBD	database		 To	first	obtain	a	non-conservative	list	of	putative	A.	queenslandica	TFs,	I	used	the	DNA-binding	domain	database	 (DBD:	Transcription	 factor	prediction	database)	 and	obtained	 the	list	of	Pfam	IDs	of	sequence	specific	DNA-binding	domain	families	corresponding	to	known	TF	families	(www.transcriptionfactor.org;	Wilson	et	al.	2008).	From	the	147	Pfam	IDs	obtained	from	 the	 website,	 65	 were	 found	 in	 the	 Pfam	 annotations	 of	 the	A.	 queenslandica	 genome	obtained	in	section	3.3.4.	This	identified	421	gene	models	in	the	A.	queenslandica	genome	that	contain	a	TF-specific	DBD.			
	
	 3.3.8.2	Generating	a	comprehensive	TF	list	for	A.	queenslandica	
	 To	collate	 the	data	on	A.	queenslandica	TFs	currently	available	 from	multiple	 studies	and	 publications,	 gene	 models	 previously	 identified	 as	 TFs	 were	 obtained	 from	 two	 other	independent	 methods	 (Fernandez-Valverde,	 unpublished;	 Hatleberg,	 2016	 PhD	 thesis	 in	review),	as	well	as	the	A.	queenslandica	genome	paper	supplementary	data	(Srivastava	et	al.,	
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2010)	 and	 other	 publications	 looking	 at	 specific	 families	 of	 TFs	 [i.e.	 multiple	 families:	(Larroux	et	al.,	2006;	Larroux	et	al.,	2008b),	bHLH	(Simionato	et	al.,	2007),	bZIPs	(Jindrich	and	Degnan,	2016),	NF-kappaB	(Gauthier	and	Degnan,	2008),	NRs	(Bridgham	et	al.,	2010),	Runx	(Robertson	 et	 al.,	 2009),	 STAT	 (Sebe-Pedros	 et	 al.,	 2011)].	 Combining	 the	 putative	 TF	 lists	obtained	from	the	DBD	search,	two	other	independent	methods,	as	well	as	manually	identified	lists	from	previous	publications,	a	total	of	524	gene	models	were	identified	as	potential	TFs	in	
A.	 queenslandica	 (Appendix	 3.5).	 In	 order	 to	 obtain	 a	 more	 conservative	 list	 of	 TFs,	 gene	models	that	were	only	identified	by	one	method	were	excluded,	resulting	in	a	list	of	175	gene	models	 that	 were	 identified	 by	 at	 least	 two	 different	 methods	 (Appendix	 3.5).	 This	 list	includes	 three	 genes	 that	 were	 only	 identified	 by	 one	 method,	 but	 since	 these	 were	 all	manually	identified	in	previous	publications,	they	were	considered	reliable	and	were	included	in	the	list.				 3.3.8.3	Differentially	expressed	transcription	factors	and	their	gene	age		 The	DEG	lists	of	each	cell	type	were	examined	to	investigate	whether	they	contain	the	175	gene	models	identified	as	TFs.	The	timing	of	emergence	of	each	TF	family	was	assigned	based	 on	 the	 DBD	 contained	 in	 the	 gene	 model	 and	 previous	 literature	 investigating	 TF	evolution	 (e.g.	 (Srivastava	 et	 al.,	 2010;	 Sebé-Pedrós	 and	 de	 Mendoza,	 2015;	 Jindrich	 and	Degnan,	 2016;	 Sebé-Pedrós	 and	Ruiz-Trillo,	 2016);	 Appendix	 3.6).	 From	 this,	 each	 TF	 gene	model	 was	 assigned	 as	 either	 metazoan	 or	 premetazoan	 origin.	 As	 choanoflagellates	 have	secondarily	lost	a	number	of	TF	domains	(Sebé-Pedrós	and	de	Mendoza,	2015),	gene	models	with	these	domains	were	 identified	and	categorized	separately	 from	the	other	premetazoan	TFs.	Gene	models	that	require	further	investigation	to	identify	timing	of	emergence	were	left	as	unidentified.	
	
3.3.9	Classification	of	gene	expression	levels	into	quartiles			 In	 order	 to	 investigate	 the	 full	 repertoire	 of	 genes	 expressed	 (in	 contrast	 with	differentially	 expressed)	 in	 each	 cell	 type,	 the	 gene	 models	 were	 divided	 into	 expression	quartiles.	All	 of	 the	 zero	 count	 reads	were	discarded	and	 the	mean	expression	value	of	 the	non-transformed	normalized	 count	 values	 of	 all	 samples	 (from	 all	 cell	 types)	were	 used	 to	calculate	 the	 quartile	 values.	 These	 values	 (Q1:	 2.298049,	 Q2:	 6.057978	 and	 Q3:	 15.82973	normalized	 count	 values)	were	 used	 to	 classify	 the	 expression	 of	 all	 of	 the	 gene	models	 in	
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each	 cell	 type	 into	 four	 quartiles,	 ranging	 from	 low	 (Q1)	 to	 highly	 (Q4)	 expressed	 overall	(Table	3.1).				 Phylostratigraphy	enrichments	for	different	quartile	value	thresholds	were	performed	largely	as	described	in	section	3.3.5	using	the	odds	ratio	(Domazet-Lošo	et	al.,	2007)	against	all	A.	queenslandica	gene	models	in	GeneOverlap	(Shen,	2014),	as	well	as	generating	heatmaps	using	pheatmaps	 in	R.	All	downstream	analyses	used	 the	median	value	 (Q2:	6.057978)	as	a	cut-off	value	to	obtain	a	list	of	expressed	genes	(for	full	list	see	Appendix	3.7).	KEGG	pathway	analysis	was	 conducted	 as	mentioned	 in	 section	 3.3.4.	 Orthology	 analyses	were	 performed	largely	as	described	in	section	3.3.7,	using	FastOrtho,	looking	at	the	percentage	of	genes	with	shared	OGs	in	each	gene	list.	In	these	analyses,	exclusive	lists	refer	to	all	of	the	regions	in	the	Venn	 diagram	 being	 treated	 as	 a	 separate	 list	 (e.g.	 archeocyte	 only,	 common	 between	archeocyte	 and	 choanocyte,	 common	 between	 archeocyte	 and	 pinacocyte,	 etc.),	 while	 non-exclusive	lists	collapse	all	of	the	lists	containing	a	given	cell	type	into	one	list	(e.g.	archeocyte	non-exclusive	 DEG	 list	 includes,	 archeocyte	 DEGs	 +	 (archeocyte	 +	 pinacocyte	 DEGs)	 +	(archeocyte	+	choanocyte	DEGs);	Appendix	3.8).			 	
3.4	Results	
3.4.1	A.	queenslandica	cell-type	specific	transcriptomes	are	distinct	from	each	other		
	 To	obtain	cell-type	specific	transcriptomes	in	A.	queenslandica	from	representative	cell	types	 that	 make	 up	 the	 sponge	 body	 plan,	 three	 cell	 types	 (archeocytes,	 choanocytes	 and	pinacocytes)	were	selected	for	CEL-Seq	(Figure	3.2).	Archeocytes	are	mesenchymal	stem	cells	thought	 to	 be	 the	 primary	 stem	 cells	 in	 the	 sponge	 and	 a	 key	 player	 in	 the	 regenerative	capacity	of	sponges	(Agata	et	al.,	2006;	Müller,	2006).	Choanocytes	are	the	feeding	cells	of	the	sponge	forming	part	of	the	epithelial	layer,	with	studies	suggesting	their	potential	role	as	stem	cells	as	well	 (Leys	and	Ereskovsky,	2006;	Funayama	et	al.,	2010).	Pinacocytes	 form	most	of	the	epithelial	layer	of	the	sponge	body	with	mainly	three	subtypes;	exopinacocytes	generate	the	outer	layer,	endopinacocytes	line	the	inner	layer	with	choanocytes	to	form	canals	and	the	aquiferous	system,	and	the	endopinacocytes	form	the	base	of	the	sponge	body	attaching	to	the	substrate	(Leys	and	Hill,	2012).	In	this	study,	the	different	subtypes	of	pinacocytes	were	not	distinguished,	as	their	morphological	differences	were	difficult	 to	detect	once	the	cells	were	dissociated.		
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	 The	 initial	 principal	 component	 analysis	 (PCA)	 revealed	 the	 CEL-Seq	 transcriptomes	with	low	read	counts	clustered	together	regardless	of	their	cell	type,	while	the	other	samples	generally	clustered	together	with	their	cell	type	(Appendix3.2).	Thus,	samples	with	less	than	1,000,000	 initial	 reads	 (Appendix	 3.1)	 were	 removed	 from	 further	 analyses,	 resulting	 in	 a	total	of	31	CEL-Seq	transcriptomes	(15	archeocyte,	10	choanocyte	and	6	pinacocyte	samples)	used	 for	 downstream	 analyses.	 The	 PCA	 of	 these	 remaining	 samples	 demonstrate	 that	 the	samples	in	each	cell	type	cluster	together,	and	the	cell	types	forming	a	fairly	distinct	cluster	separate	from	each	other	(Figure	3.3).		 	 		
3.4.2	Differentially	expressed	gene	lists	are	enriched	in	genes	indicative	of	their	role	in	
the	sponge	body		
	 Differential	 expression	 analysis	 with	 pair-wise	 comparisons	 on	 DESeq2	 revealed	 a	total	 of	 11,013	 genes	 differentially	 expressed	 between	 the	 cell	 types	 (Figure	 3.4).	 Using	 a	number	of	annotations	and	enrichment	analyses,	the	cell	type	specific	gene	lists	demonstrated	enrichment	 of	 genes	 indicative	 of	 their	 role	 in	 the	 sponge	 body,	 relative	 to	 their	 known	functions	in	bilaterian	systems.				 3.4.2.1	Archeocyte	DEG	list	is	enriched	in	stem	cell	function	related	genes		 Many	 genes	 upregulated	 in	 archeocytes	 are	 associated	 with	 cell	 cycle	 regulation,	mitosis,	 transcription,	 translation	 and	 RNA	 processing,	 suggesting	 these	 cells	 are	 poised	 to	either	 divide	 or	 change	 expression	 profiles.	 As	 an	 example,	 Figure	 3.5	 shows	 a	 heatmap	 of	genes	 in	 the	KEGG	pathway	 category:	Genetic	 Information	Processing,	 enriched	 in	 each	 cell	type	 DEG	 list.	 This	 clearly	 demonstrates	 the	 archeocyte	 DEG	 list	 is	 enriched	 in	 a	 large	proportion	of	genes	 involved	in	transcription,	 translation	and	RNA	processing	related	genes	compared	to	the	other	two	cell	 types.	The	archeocyte	DEG	list	also	contains	a	Piwi	homolog	(Aqu2.1.42064:	 piwi-like	 protein	 2-like),	 known	 to	 be	 a	 potential	 stemness	 marker	 as	observed	in	E.	fluviatilis	(Funayama	et	al.,	2010).				
	 3.4.2.2	Choanocyte	DEG	list	is	enriched	in	cell-junction	and	signaling	related	genes		 The	choanocyte	DEG	list	contains	genes	involved	in	cell-cell	junctions,	cell-adhesion,	as	well	 as	 signaling,	 indicative	of	 their	 role	 as	part	of	 the	 epithelial	 layer.	The	gene	 repertoire	related	 to	 cell	 polarity,	 junction	 and	 basal	 lamina	 genes	 in	 A.	 queenslandica	 have	 been	previously	identified	(Fahey	and	Degnan	(2010);	Appendix	3.9).	A	heatmap	of	these	epithelial	
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cell	 type	related	genes	shows	that	choanocytes	(and	pinacocytes)	both	upregulate	epithelial	function	 related	 genes	 (Figure	 3.6).	 Choanocytes	 upregulate	 AmqCadherin1,	 Amqα-Catenin,	
Amqβ-Catenin,	 which	 are	 all	 cell-junction	 related	 genes,	which	 are	 all	 part	 of	 the	 cadherin-catenin	 complex	 (Huber	 and	Weis,	 2001).	 The	 choanocyte	DEG	 list	 also	 contains	 5	Annexin	homologs	 (Aqu2.1.08491:	 annexin	 a11-like;	Aqu2.1.25631:	 annexin	 a11-like;	Aqu2.1.31744:	annexin	max4;	Aqu2.1.35503:	annexin	a7-like;	Aqu2.1.41583:	annexin	a7-like	isoform),	which	are	also	considered	choanocyte-specific	markers	in	E.	fluviatilis	(Funayama	et	al.,	2005).	The	KEGG	 pathway	 enrichment	 shows	 many	 components	 of	 signaling	 pathways	 including	 the	Hedgehog	(although	A.	queenslandica	only	has	the	Hedgling	ligands	(Adamska	et	al.,	2007b)),	NF-kappaB,	 phosphatidylinositol,	 cAMP,	 and	 AMPK	 signaling	 pathways,	 indicating	 the	potential	 role	 of	 choanocytes	 during	 development	 and	 key	 cellular	 functions	 (e.g.	 cell	differentiation,	proliferation,	motility	etc.),	as	well	as	stress	response,	cell-cell	signaling,	and	maintaining	cellular	energy	homeostasis.		
	 3.4.2.3	Pinacocyte	DEG	list	is	enriched	in	cell-polarity	and	cell	surface	receptor	genes	
	 The	pinacocyte	DEG	list	is	enriched	in	genes	involved	in	cell	adhesion,	cell-polarity,	as	well	as	signaling	and	cell	surface	receptors,	consistent	with	their	role	as	part	of	the	epithelial	layer.	 As	 observed	 in	 choanocytes,	 pinacocytes	 also	 upregulate	 many	 epithelial	 function	related	genes	 (Figure	3.6),	 including	all	 three	genes	 involved	 in	 the	Par3/Par6/aPKC	apical	polarity	 complex	 (Joberty	 et	 al.,	 2000)	 suggesting	 a	 potentially	 conserved	 function	 of	 this	complex.	The	KEGG	pathway	enrichment	of	pinacocytes	shows	enrichment	in	pathways	such	as	 the	 TGF-β	 and	 Hippo,	 as	 well	 as	 having	 enrichment	 in	 VEGF,	 Jak-STAT,	 and	 MAPK	 in	common	 with	 choanocytes,	 demonstrating	 their	 potential	 role	 in	 development	 as	 well	 as	regulating	key	cellular	functions	(e.g.	cell	growth,	differentiation,	proliferation,	apoptosis,	etc.)	as	a	sensory	epithelial	cells	alongside	choanocytes.		
	
3.4.3	Gene	age	and	orthology	analyses	do	not	show	significant	similarity	between	
choanocyte	and	choanoflagellate	transcriptomes			 In	 order	 to	 investigate	 the	 suggested	 homology	 between	 sponge	 choanocytes	 and	choanoflagellates,	 the	A.	 queenslandica	 cell	 type	 transcriptome	was	 investigated	 to	 identify	any	 traces	 of	 significantly	 shared	 genes	 and	 pathways	 between	 choanocytes	 and	choanoflagellates.	To	obtain	an	overview	of	the	evolutionary	history	of	the	genes	differentially	expressed	in	each	cell	type,	the	DEG	list	was	compared	against	the	A.	queenslandica	genome	to	
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determine	significantly	over-	or	under-represented	phylostrata	 (Figure	3.7;	Appendix	3.10).	Almost	a	half	of	 the	A.	queenslandica	genome	(46%	of	 the	 total	Aqu2.1	gene	models,	Figure	3.7A)	 consists	 of	 genes	 that	 are	 sponge	 specific,	 followed	 by	 28%	 pre-metazoan	 and	 26%	metazoan	 origin.	 The	 choanocyte	 DEG	 list	 contained	 a	 similar	 proportion	 of	 genes	 of	 each	phylostrata,	with	 43%	 lineage	 specific,	 followed	 by	 32%	pre-metazoan	 and	 24%	metazoan	(Figure	3.7B).	In	contrast,	the	archeocyte	and	pinacocyte	DEG	lists	contain	a	large	proportion	of	pre-metazoan	origin	genes,	with	both	metazoan	and	sponge	origin	genes	being	significantly	under-represented	compared	to	the	A.	queenslandica	genome	(Figure	3.7C).				 To	 further	 investigate	 the	potentially	conserved	genetic	 toolkit	between	choanocytes	choanoflagellates,	 shared	 OrthoGroups	 (OGs)	 were	 observed	 between	 the	 A.	 queenslandica	and	choanoflagellate	S.	rosetta	cell	type	DEG	lists	(Figure	3.8).	The	results	show	no	significant	overlap	of	OGs	between	A.	queenslandica	choanocytes	with	any	of	the	S.	rosetta	cell	types.	The	only	significant	overlap	between	the	cell	types	of	the	two	species	is	between	archeocytes	and	
S.	rosetta	colonies.	However,	enriched	GO	terms	of	the	genes	in	the	shared	OGs	between	the	two	 lists	 include	 many	 GO	 terms	 involved	 in	 cell	 division	 (GO:0000910	 cytokinesis,	GO:0051301	 cell	 division)	 and	RNA	processing	 (GO:0010467	 gene	 expression,	 GO:0006396	RNA	 processing,	 GO:0009451	 RNA	modification,	 GO:0006379	mRNA	 cleavage,	 GO:0006400	tRNA	modification,	GO:0034470	ncRNA	processing,	etc.).	 			 As	 transcription	 factors	 (TFs)	act	 as	nodes	 in	 conserved	GRNs	 (Davidson	and	Erwin,	2009;	 Erwin	 and	 Davidson,	 2009),	 the	 TFs	 contained	 in	 each	 cell	 type	 DEG	 lists	 were	examined.	TFs	in	the	A.	queenslandica	genome	were	estimated	by	combining	of	a	number	of	methods	(see	methods	section	3.3.8),	resulting	in	175	potential	TFs	(Appendix	3.5).	These	TFs	were	 then	 divided	 into	 their	 presumable	 timing	 of	 emergence	 based	 on	 literature	 and	evolutionary	history	 of	 the	domains	 (Appendix	 3.6,	 3.11;	 e.g.	 (Srivastava	 et	 al.,	 2010;	 Sebé-Pedrós	 and	 de	 Mendoza,	 2015;	 Jindrich	 and	 Degnan,	 2016;	 Sebé-Pedrós	 and	 Ruiz-Trillo,	2016).	Of	the	175	TFs,	the	choanocyte	DEG	list	contained	39	of	them,	while	archeocytes	and	pinacocytes	had	18	and	14	TFs	respectively	(Figure	3.9;	Appendix	3.12).				 The	archeocyte	DEG	list	contained	TFs	of	metazoan	origin	[e.g.	AmqSix1/2,	AmqQ50d,	AmqLim3	 (Larroux	 et	 al.,	 2008b);	 and	 a	TF	 containing	 an	Ets	DNA-binding	domain	 (DBD)],	premetazoan	 origin	 [e.g.	 AmqGATA	 (Srivastava	 et	 al.,	 2010);	 AmqRunx	 (Robertson	 et	 al.,	2009),	as	well	as	TFs	in	the	bHLH	superfamily	Max	and	Myc	(Simionato	et	al.,	2007)]	and	TFs	
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with	premetazoan	originating	domains	that	have	been	lost	in	choanoflagellates	[Par	(Jindrich	and	 Degnan,	 2016)],	 that	 all	 have	 a	 wide	 range	 of	 functions	 in	 eumetazoans	 including	differentiation,	 proliferation,	 apoptosis	 and	 cell	 migration;	 indicative	 of	 their	 role	 as	 a	mesenchymal	stem	cell.	Pinacocytes	had	some	TFs	of	metazoan	origin	[e.g.	ANTP	(Larroux	et	al.,	2006);	AmqPouI/VI,	Amqlsl	(Larroux	et	al.,	2008b)]	and	premetazoan	origin	[e.g.	AmqRx	(Larroux	 et	 al.,	 2008b);	 TFs	 containing	 C2H2	 zinc-finger	 DBDs],	 while	 there	 were	 no	 TFs	containing	domains	lost	in	the	choanoflagellate	lineage.	The	choanocyte	DEG	consisted	of	TFs	of	metazoan	origin	 [e.g.	 bZIP	 superfamily	 (NFE2,	 XBP1,	MAF)	 (Jindrich	 and	Degnan,	 2016);	AmqTbx1/15/20,	 AmqSoxB2	 (Larroux	 et	 al.,	 2008b);	 SoxF-like	 (Srivastava	 et	 al.,	 2010)]	 as	well	as	those	of	premetazoan	origin	[e.g.	bZIPs	(OASIS,	ATF2,	4)	(Jindrich	and	Degnan,	2016);	AmqFoxJ2	(Larroux	et	al.,	2008b);	bHLH	superfamily	(class	SREBP,	USF,	Coe)	(Simionato	et	al.,	2007);	 TFs	 containing	 C2H2	 zinc-finger	 DBDs	 (proteins:	 Gli1/3	 Gli2/3a)	 (Srivastava	 et	 al.,	2010)].	The	choanocyte	DEG	list	contained	the	most	TFs	of	premetazoan	origin	with	domains	lost	in	the	choanoflagellate	lineage	(e.g.	C/EBP	(Jindrich	and	Degnan,	2016);	TF	of	class	MITF	(Larroux	et	al.,	2008b);	and	TFs	identified	as	CREB-binding	protein	isoform	and	grainyhead-like	protein	2	homolog).		
	
3.4.4	Expression	analysis	using	quartile	values			 To	obtain	a	more	comprehensive	list	of	genes	that	are	generally	expressed	in	each	cell	type,	an	expression	analysis	based	on	level	of	expression	was	used.	Genes	were	classified	into	quartiles	based	on	their	relative	expression	level	using	quartile	values	(Table	3.1).	From	this,	four	gene	lists	with	different	quartile	values	as	thresholds	(Table	3.2)	were	created	for	each	cell	 type	 ranging	 from	 (Q1+Q2+Q3+Q4)	 containing	 any	 gene	 expressed	 to	 (Q4	 only)	containing	 only	 relatively	 highly	 expressed	 genes.	 To	 investigate	 the	 reliability	 of	 the	 lists,	phylostrata	enrichment	analysis	was	performed	on	all	of	these	gene	lists	and	compared	with	the	DEG	lists	to	determine	whether	similar	trends	could	be	observed.	Figure	3.10	provides	an	overview	of	 the	gene	 lists	obtained	by	different	expression	thresholds	(A-D),	along	with	the	overview	 of	 the	 DEG	 lists	 (E)	 for	 comparison.	 This	 demonstrates	 that	 the	 trends	 of	 gene	enrichment	observed	in	the	differential	expression	analysis	can	be	observed	in	the	expression	quartile	analysis	as	well.	As	expected,	Q4	only	(Figure	3.10D)	has	the	most	similar	result	with	the	DEG	list,	with	the	trend	becoming	less	visible	or	lost	as	the	threshold	value	becomes	lower	(Figure	3.10A-C).	As	DESeq2	identified	11,013	genes	as	differentially	expressed,	the	quartile	threshold	with	the	closest	number	of	total	genes	identified	(Q3	+	Q4:	11,635	genes;	Table	3.2)	
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was	used	in	subsequent	analyses.	The	trend	observed	in	the	DEG	lists	also	holds	well	in	the	Q3	+	Q4	expressed	lists	(Figure	3.10C).			 Orthology	 analysis	 of	 the	 DEG	 and	 expressed	 gene	 lists	 (Q3	 +	 Q4)	 also	 match	 the	results	of	 the	phylostratigraphy	analyses	 (Figure	3.11).	The	non-exclusive	DEG	 lists	 (Figure	3.11A)	show	that	choanocytes	have	the	least	amount	of	shared	OGs	compared	to	archeocytes	and	 pinacocytes,	 indicating	 that	 archeocytes	 and	 pinacocytes	 are	 upregulating	 a	 high	proportion	of	genes	of	premetazoan	origin	(as	observed	 in	Figure	3.7).	 In	 the	non-exclusive	expressed	 list,	 the	 choanocytes	 and	 pinacocytes	 have	 a	 higher	 percentage	 of	 genes	 with	shared	OGs	compared	with	the	DEG	lists.	However,	both	the	DEG	and	expressed	lists	result	in	similar	trends	in	the	cell	type	exclusive	lists	(Figure	3.11B).	However,	as	the	genes	expressed	in	all	cell	types	(Figure	3.11B;	column	'ALL')	have	a	high	number	of	shared	OGs,	this	is	likely	to	 be	 increasing	 the	 shared	 OGs	 found	 in	 the	 non-exclusive	 choanocyte	 and	 pinacocyte	expressed	 lists	when	collapsed	(Figure	3.11A).	This	demonstrates	 that	 the	genes	commonly	expressed	in	all	cell	types,	are	enriched	in	evolutionarily	'older'	genes.			 To	investigate	what	types	of	genes	are	included	in	the	all	cell	types	expressed	gene	list,	the	KEGG	analysis	from	Figure	3.5	was	revisited	using	the	expressed	gene	list	(full	list	of	KEGG	enrichment	results	of	expressed	gene	lists	can	be	found	in	Appendix	3.13).	Figure	3.12	shows	that	 the	 general	 trend	 with	 archeocytes	 expressing	 many	 genes	 involved	 in	 transcription,	translation	and	RNA	processing	related	genes	is	observed	in	the	expressed	gene	lists	as	well	(as	 shown	 in	 Figure	 3.5),	 while	 also	 indicating	 that	 many	 of	 these	 genes	 are	 potentially	expressed	in	all	three	cell	types.				 The	 expressed	 gene	 list	 is	 also	 potentially	 useful	 for	 reconstructing	whole	 pathways	that	are	used	in	the	cell	types	(Figure	3.13).	As	an	example,	when	the	Notch	signaling	pathway	is	 observed	 using	 KEGG	 pathway	 reconstruction	 with	 the	 choanocyte	 DEG	 list,	 many	components	are	found	to	be	expressed,	although	there	are	some	components	missing	(Figure	3.13A).	However,	when	the	expressed	gene	lists	are	applied,	all	but	one	component	(CIR)	are	found	 as	 expressed	 in	 choanocytes	 (Figure	 3.13B).	 This	 shows	 that	 the	 gene	 lists	 obtained	from	the	quartile	expression	analysis	can	potentially	be	used	to	reconstruct	whole	pathways,	which	would	otherwise	only	come	up	in	a	patchy	pattern	via	differential	expression	analysis	alone.		 	
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3.5	Discussion			 In	this	study,	I	obtained	cell	type	specific	CEL-Seq	transcriptomes	from	three	different	cell	 types	 representing	 the	 major	 components	 of	 the	 sponge	 body	 plan:	 archeocytes	(mesenchymal	stem	cells);	choanocytes	(feeding	cells	forming	part	of	the	epithelial	layer);	and	pinacocytes	(epithelial	cells).	Differential	expression	analysis	shows	these	transcriptomes	are	distinct	 from	each	other,	demonstrating	enrichment	of	genes	 that	 correlate	with	 the	 role	of	each	 cell	 type	 in	 sponges.	 This	 study	 also	 investigated	 the	 suggested	 homology	 between	choanocytes	 and	 choanoflagellates	 by	 applying	 methods	 such	 as	 phylostratigraphy	enrichment,	 shared	 OrthoGroups	 (OGs),	 and	 transcription	 factor	 (TF)	 enrichment	 analyses,	resulting	 in	 no	 strong	 evidence	 of	 choanocytes	 sharing	 a	 conserved	 gene	 repertoire	 with	choanoflagellates.	 I	 also	 applied	 an	 alternative	 approach	 from	 differential	 expression	analyses,	 by	 observing	 the	 full	 set	 of	 expressed	 genes	 using	 a	 quartile	 expression	 analysis,	demonstrating	its	potential	use	in	future	studies	to	identify	the	full	gene	repertoire	operating	in	sponge	cell	types	that	are	known	to	have	maintained	plasticity.			
3.5.1	Cell	type	transcriptomes	enriched	in	genes	indicative	of	their	role	in	the	sponge	
body			 The	 three	 cell	 type	 transcriptomes	 generated	 in	 this	 study	 are	 clearly	 distinct	 from	each	other	 (Figure	3.3),	 showing	 enrichment	of	 genes	 indicative	of	 their	 role	 in	 the	 sponge	body,	 including	 stem	 cell-related	 genes	 enriched	 in	 archeocytes,	 as	 well	 as	 epithelial	 cell	function	and	signaling	pathway	related	genes	enriched	in	choanocytes	and	pinacocytes.	From	the	KEGG	annotation	and	enrichment	analysis,	 it	 is	evident	that	the	archeocyte	differentially	expressed	 gene	 (DEG)	 list	 is	 enriched	 in	 transcription,	 translation	 and	 RNA	 processing,	consistent	with	their	role	as	mesenchymal	stem	cells	(Figure	3.5).	Observing	expression	of	the	epithelial	 cell	 activity	 related	 genes	 previously	 identified	 in	 A.	 queenslandica	 ((Fahey	 and	Degnan,	2010);	Appendix	3.9)	demonstrates	many	of	these	genes	including	cell-cell	adhesion	and	cell	polarity	genes	are	enriched	in	the	choanocytes	and	pinacocytes	(Figure	3.6),	as	well	as	components	of	signaling	pathways	(e.g.	Notch,	Hedghog,	cAMP,	TGF-β;	Appendix	3.4).	It	is	also	 interesting	 that	 a	 number	 of	 genes	 encoding	 proteins	 known	 to	 have	 functional	associations	 in	 bilaterians	 are	 enriched	 in	 the	 same	 cell	 type.	 Choanocytes	 upregulate	
AmqCadherin1,	Amqα-Catenin,	Amqβ-Catenin,	which	are	all	 cell-junction	 related	genes.	 Since	these	 genes	 are	 all	 part	 of	 the	 cadherin-catenin	 complex	 (Huber	 and	 Weis,	 2001),	 this	
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suggests	 a	 conserved	 role	 of	 cell-cell	 adhesion	 complexes	 in	 an	 early	 branching	 metazoan	without	a	true	epithelium.	Pinacocytes	also	upregulate	many	epithelial	function	related	genes	(Figure	3.6),	including	all	three	genes	involved	in	the	Par3/Par6/aPKC	apical	polarity	complex	(Joberty	et	al.,	2000)	suggesting	a	potentially	conserved	function	of	this	complex.		 		 Choanocytes	 have	 been	 reported	 to	 have	 stem	 cell-like	 capacities	 in	 several	 sponge	species	(Kaye	and	Reiswig,	1991a;	Maldonado	and	Riesgo,	2008;	Funayama	et	al.,	2010;	Lanna	and	Klautau,	2010;	Borisenko	et	al.,	2015),	with	high	proliferation	rate	and	dedifferentiation	capacities	observed	 in	A.	queenslandica	 as	well	 (Nakanishi	et	al.,	2014;	Sogabe	et	al.,	2016).	Hence,	 the	 genes	 shared	 between	 choanocytes	 and	 archeocytes	 has	 the	 potential	 to	 reveal	stemness-related	genes	utilized	in	sponges.	However,	this	was	not	the	case	with	only	67	genes	commonly	overexpressed	(in	comparison	to	pinacocytes)	in	these	two	cell	types	(Figure	3.4),	with	no	significant	enrichment	in	a	particular	pathway	or	cellular	function.	Interestingly,	this	was	observed	in	the	archeocyte	and	choanocyte	transcriptome	obtained	in	E.	fluviatilis	as	well	(Alié	 et	 al.,	 2015),	 showing	no	 indication	of	 cell	 cycle	 related	 genes	 or	EflPiwiA	 (previously	demonstrated	 as	 expressed	 in	 choanocytes	 and	 archeocytes	 (Funayama	 et	 al.,	 2010))	enrichment	in	the	choanocyte	DEG	list.	This	could	be	due	to	random	sampling	of	choanocyte	chambers	with	little	to	no	proliferation,	as	suggested	in	(Alié	et	al.,	2015).				 As	 observed	 in	 the	 E.	 fluviatilis	 choanocyte	 DEG	 list	 (Alié	 et	 al.,	 2015)	 and	 from	experimental	studies	(Funayama	et	al.,	2005),	the	homolog	to	the	EflAnnexin	(top	BLAST	hit:	Aqu2.1.41583)	 was	 also	 found	 in	 the	 A.	 queenslandica	 choanocyte	 exclusive	 DEG	 list	(Appendix	3.3),	as	well	as	being	expressed	in	mainly	choanocytes	of	A.	queenslandica	juveniles	(Appendix	3.14).	In	fact,	all	five	potential	Annexin	genes	in	the	A.	queenslandica	genome	were	found	 in	 the	 choanocyte	 DEG	 list.	 Piwi	 homologs	 expressed	 in	 both	 archeocytes	 and	choanocytes	 of	 E.	 fluviatilis	 (Funayama	 et	 al.,	 2010)	 were	 either	 found	 in	 the	 archeocyte	exclusive	 DEG	 list	 (Aqu2.1.42064)	 or	 the	 archeocyte	 and	 pinacocyte	 common	 DEG	 list	(Aqu2.1.43883).	 As	 one	 of	 the	 Musashi	 homologs	 (expressed	 only	 in	 archeocytes	 in	 E.	
fluviatilis	(Okamoto	et	al.,	2012))	were	found	in	the	choanocyte	and	pinacocyte	common	DEG	list	 (Aqu2.1.04398)	with	none	 found	 in	 the	archeocyte	DEG	 list,	both	Piwi	and	Musashi	may	function	 in	 a	 different	manner	 in	A.	queenslandica.	 Furthermore,	 one	Piwi	 and	 one	Musashi	paralog	 was	 identified	 in	 the	 pinacocyte	 DEG	 lists	 alongside	 either	 archeocytes	 or	choanocytes.	 This	 suggests	 that	 pinacocytes	 in	 A.	 queenslandica	 may	 have	 maintained	
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plasticity	 as	 observed	 in	 other	 species	 (Alexander	 et	 al.,	 2015;	 Borisenko	 et	 al.,	 2015),	although	these	findings	require	further	investigation	using	gene	expression	studies.				 The	 archeocyte	 DEG	 list	 also	 contains	 the	 transcription	 factors	 AmqGATA	 and	 Myc,	which	is	observed	in	the	E.	fluviatilis	archeocyte	DEG	list	as	well	(Alié	et	al.,	2015).	The	GATA	transcription	 factor	 is	 known	 for	 its	 conserved	 role	 in	 endomesodermal	 development	 in	bilaterians	and	cnidarians	(Martindale	et	al.,	2004;	Gillis	et	al.,	2007;	Boyle	and	Seaver,	2008;	Kouros-Mehr	et	al.,	2008),	and	has	also	been	found	expressed	in	cells	in	the	inner	cell	layers	or	the	choanoderm	in	Sycon	ciliatum	and	A.	queenslandica	during	development	and	in	adults		(Adamska	 et	 al.,	 2010;	 Leininger	 et	 al.,	 2014;	 Nakanishi	 et	 al.,	 2014).	 In	 A.	 queenslandica	juveniles,	 GATA	 expression	 has	 been	 observed	 in	 choanocytes	 and	 spicule-forming	 cells	(presumably	 sclerocytes)	 (Nakanishi	 et	 al.,	 2014).	 Although	 GATA	 was	 not	 found	 in	 the	choanocyte	DEG	 list,	 its	 presence	 in	 the	 archeocyte	DEG	 list	 from	 this	 study	 is	 in	 line	with	
GATA	expression	only	found	in	the	inner	cell	layer	of	sponges	so	far.	Whether	there	are	true	germ	 layers	 in	sponges	similar	 to	 the	endomesoderm	 in	bilaterians	and	cnidarians	requires	further	investigation.	However,	the	expression	pattern	of	GATA	in	internal	regions	throughout	sponge	 development	 indicates	 this	 transcription	 factor	may	 have	 a	 conserved	 role	 in	 body	plan	formation	of	not	only	basal	metazoans,	but	possibly	in	the	first	multicellular	metazoan	as	well.	
	
3.5.2	No	sign	of	significantly	shared	gene	repertoire	between	sponge	choanocytes	and	
choanoflagellates			 Sponge	choanocytes	and	choanoflagellates	have	striking	structural	 similarity	with	an	apical	flagellum	and	a	collar	of	microvilli	(James-Clark,	1866;	Saville-Kent,	1880;	Gonobobleva	and	Maldonado,	2009).	With	choanoflagellate	genomes	supporting	their	phylogenetic	position	as	the	sister	group	to	metazoans	(King	et	al.,	2008;	Fairclough	et	al.,	2013),	there	is	increasing	support	 for	 the	 scenario	 where	 choanocytes	 and	 choanoflagellates	 resemble	 the	 last	metazoan	 common	 ancestor	 (Hibberd,	 1975;	 Mehl	 and	 Reiswig,	 1991;	 Dayel	 et	 al.,	 2011;	Funayama,	 2013).	 However,	 few	 studies	 have	 focused	 on	 investigating	 their	 suggested	homology	 using	 modern	 techniques.	 With	 emerging	 datasets	 and	 techniques	 becoming	available,	along	with	a	recent	study	demonstrating	functional	differences	between	choanocyte	and	 choanoflagellate	 collar/flagellum	 interaction	 (Mah	 et	 al.,	 2014),	 it	 is	 essential	 to	 revisit	the	suggested	homology	between	choanocytes	and	choanoflagellates.	
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	 		 In	this	study,	I	first	conducted	a	phylostratigraphy	analysis	(Domazet-Lošo	et	al.,	2007)	to	observe	the	gene	age	profile	of	the	DEG	lists	in	each	cell	type.	This	showed	that	around	half	of	 the	 genes	 overexpressed	 in	 choanocytes	 are	 lineage	 specific	 (as	 observed	 in	 the	 A.	
queenslandica	 genome),	 while	 archeocytes	 and	 pinacocytes	 are	 both	 enriched	 in	 genes	 of	premetazoan	 origin	 (Figure	 3.7).	 This	 suggests	 that	 many	 of	 the	 genes	 used	 to	 operate	choanocyte	specific	machinery	are	potentially	the	result	of	innovations	after	the	evolution	of	metazoan	multicellularity,	while	archeocytes	and	pinacocytes	operate	with	a	more	conserved	genetic	toolkit.	This	was	further	supported	by	an	orthology	analysis	looking	at	the	shared	OGs	between	A.	queenslandica	and	S.	rosetta	cell	types.	There	was	no	significant	overlap	in	the	OGs	between	any	of	the	cell	types	aside	from	archeocytes	and	S.	rosetta	colonies	(Figure	3.8).	The	genes	contained	in	the	shared	OGs	between	these	two	lists	had	enrichment	in	many	GO	terms	related	to	cell	division	and	gene	expression	and	RNA	processing.	Since	the	S.	rosetta	colonies	can	only	form	and	grow	via	serial	cell	division	(Fairclough	et	al.,	2010),	a	significant	overlap	in	OGs	makes	sense	as	archeocytes	and	S.	rosetta	colonies	are	both	expressing	 these	stemness	related	 housekeeping	 genes	 (mainly	 cell	 division-	 and	 gene	 expression-related).	 As	 these	genes	are	presumably	a	part	of	the	core	machinery	that	is	highly	conserved,	this	would	also	explain	why	the	archeocyte	DEG	list	contains	over	60%	of	genes	of	premetazoan	origin.	The	colonial	 cells	 in	S.	rosetta	also	have	 the	highest	proportion	(50%)	of	genes	belonging	 to	 the	'ancient'	phylostrata	among	any	other	cell	 type	(Fairclough	et	al.,	2013),	 further	supporting	the	 idea	 that	 these	 cell	 types	 are	 most	 likely	 enriched	 in	 conserved	 genes	 due	 to	 their	role/behavior	as	stem	cells.			 The	transcription	factors	in	each	DEG	list	show	relatively	similar	proportions	of	TFs	of	different	 evolutionary	 histories	 (Figure	 3.9).	 The	 choanocyte	 DEG	 list	 contains	 more	 than	double	the	amount	of	TFs	compared	to	the	other	two	cell	types,	although	this	may	be	simply	due	to	sampling	or	technical	bias	of	 the	study	(i.e.	choanocytes	were	collected	as	chambers,	while	archeocytes	and	pinacocytes	were	collected	as	pools	of	5-6	cells).	They	also	contain	the	lowest	proportion	of	premetazoan	TFs,	as	well	as	the	highest	number	of	TFs	of	premetazoan	origin	 that	 were	 lost	 in	 the	 choanoflagellate	 lineage	 (Sebé-Pedrós	 and	 de	Mendoza,	 2015).	This	demonstrates	that	choanocytes	most	likely	use	many	TFs	and	GRNs	that	are	at	least	not	currently	found	or	used	in	choanoflagellates.		 	
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	 These	results	show	that	while	homology	has	been	suggested	between	choanocytes	and	choanoflagellates	 for	 many	 years,	 the	 transcriptomes	 of	 choanocytes	 show	 no	 significant	evidence	 of	 a	 shared	 gene	 repertoire	 exclusively	 shared	 with	 choanoflagellates,	 to	 other	sponge	cell	types.	However,	whether	choanocytes	are	actually	secondarily	derived	cell	types	specific	to	the	sponge	lineage	(i.e.	convergence	with	choanoflagellates)	cannot	be	determined	yet.	 In	 studies	 observing	 cell	 type	 evolution	 within	 and	 between	 species,	 it	 is	 crucial	 to	identify	 the	 cell	 type-specific	 core	 regulatory	 complex	 (CoRC)	 (Wagner,	 2014;	Arendt	 et	 al.,	2016).	 The	 CoRC	 consists	 of	 the	 repertoire	 of	 transcription	 factors	 and	 the	 surrounding	regulatory	 mechanisms,	 allowing	 homologous	 cell	 types	 to	 be	 recognizable	 throughout	evolution	due	 to	 the	strong	evolutionary	conservation	of	 these	core	regulatory	mechanisms	(Wagner,	 2014).	 This	 can	 also	 potentially	 identify	 products	 of	 convergent	 evolution	 (e.g.	striated	 myocytes	 of	 vertebrates	 and	 fruit	 flies	 (Brunet	 et	 al.,	 2016)),	 which	 is	 crucial	 in	investigating	the	homology	between	choanocytes	and	choanoflagellates.	Although	the	general	trend	 indicates	 otherwise,	 there	 is	 some	 evidence	 of	 conserved	 gene	 repertoires	 between	choanocytes	 and	 choanoflagellates,	 including	 the	AmqFoxJ2	 (Larroux	et	 al.,	 2008b)	 found	 in	the	 choanocyte	 DEG	 list,	 which	 has	 a	 clear	 homolog	 in	 choanoflagellates	 (Larroux	 et	 al.,	2008b;	Sebe-Pedros	et	al.,	2011).	In	order	to	truly	address	the	suggested	homology	between	sponge	choanocytes	and	choanoflagellates,	it	is	essential	to	first	reconstruct	the	CoRC	in	both	cell	types.	
	
3.5.3	Gene	expression	analysis	using	expression	quartiles:	a	potentially	useful	tool	in	
sponge	transcriptomics			 Sponges	 have	 been	 known	 for	 their	 remarkable	 regenerative	 capacity,	 namely	 the	classic	dissociation	reaggregation	study	(Wilson,	1907b),	where	a	functional	sponge	can	form	from	dissociated	single	cells	 in	some	species	(Eerkes-Medrano	et	al.,	2015).	Although	it	was	generally	considered	that	archeocytes	are	primarily	responsible	for	the	regeneration	capacity	of	sponges	(Agata	et	al.,	2006;	Müller,	2006),	there	is	increasing	evidence	from	many	sponge	species	 suggesting	 the	 involvement	 of	 multiple	 cell	 types,	 and	 their	 high	 relatively	 high	plasticity	 even	 as	 differentiated	 cells.	 Choanocytes	 have	 high	 proliferation	 rates	 in	 many	species	(Tanaka	and	Watanabe,	1984;	De	Goeij	et	al.,	2009;	Alexander	et	al.,	2014),	along	with	a	 capacity	 to	 dedifferentiate	 in	 A.	 queenslandica	 (Nakanishi	 et	 al.,	 2014),	 as	 well	 as	 their	involvement	 in	 gametogenesis	 (Lanna	 and	 Klautau,	 2010)	 and	 regeneration	 through	transdifferentiation	 in	 some	 species	 (Alexander	 et	 al.,	 2015;	 Borisenko	 et	 al.,	 2015).	
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Pinacocytes	have	also	been	observed	to	 transdifferentiate	 in	response	 to	wounds	as	well	as	having	 the	 capacity	 to	 proliferate,	 although	 proliferation	 in	 pinacocytes	 is	 possibly	 a	 rare	event	(Alexander	et	al.,	2015;	Borisenko	et	al.,	2015;	Ereskovsky	et	al.,	2015).	To	investigate	the	 full	 capacity	 and	 potential	 behavior	 of	 sponge	 cell	 types	 through	 transcriptomes,	 the	quartile	 expression	 analysis	 applied	 here	 shows	 all	 of	 the	 genes	 that	 are	 expressed	 (in	contrast	with	differentially	expressed)	in	each	cell	type.	This	potentially	allows	observations	on	a	more	 comprehensive	gene	 repertoire,	 including	genes	expressed	 in	multiple	 cell	 types	that	 would	 otherwise	 be	 discarded	 as	 background	 in	 conventional	 differential	 expression	approaches.				 From	 the	 differential	 expression	 analysis,	 it	 is	 clear	 that	 each	 cell	 type	 has	 a	 list	 of	genes	 that	 are	 differentially	 expressed,	 characteristic	 to	 their	 role	 in	 the	 sponge	 body.	 For	example,	the	archeocytes	(the	mesenchymal	stem	cell	 in	the	sponge)	differentially	express	a	wide	 range	 of	 genes	 involved	 in	 gene	 expression	 and	 regulation	 including	 translation,	transcription	 and	 RNA	modification	 related	 genes	 (Figure	 3.5).	 These	 genes	 are	 not	 highly	expressed	 in	 the	 other	 cell	 types.	 However,	 by	 using	 the	 expressed	 gene	 list	 generated	 by	quartile	expression	analysis,	there	is	evidence	that	choanocytes	and	pinacocytes	also	express	a	number	of	these	genes	as	well	(Figure	3.12).	One	example	such	a	gene	is	a	Musashi	homolog	(Aqu2.1.29879)	that	did	not	come	up	in	any	of	the	DEG	lists,	but	is	found	in	the	all	cell	types	expressed	gene	list.	Although	the	list	of	genes	expressed	in	all	cell	types	likely	contains	many	background	 and	 uninformative	 housekeeping	 genes	 as	 well,	 these	 results	 may	 also	 be	reflecting	the	unique	plasticity	of	sponge	cell	types.				 Another	example	of	potential	usage	of	this	analysis	is	the	capacity	to	reconstruct	whole	pathways	that	is	not	possible	from	just	the	DEG	lists.	As	an	example,	the	choanocyte	DEG	list	contains	major	components	of	the	Notch/Delta	pathway,	although	there	are	quite	a	few	that	are	not	considered	differentially	expressed	(Figure	3.13A).	However,	reconstructing	the	same	pathway	using	 the	expressed	gene	 lists	 shows	almost	all	of	 the	components	 found	 in	 the	A.	
queenslandica	genome,	being	expressed	in	choanocytes	(Figure	3.13B).	The	Delta	(specifically,	
AmqDelta3	 (Richards	 and	 Degnan,	 2012))	 and	 Serrate	 ligands	 are	 only	 found	 in	 the	choanocyte	exclusive	list	form	the	expressed	gene	list,	while	many	of	the	other	components	of	this	pathway	are	found	in	the	all	cell	types	expressed	list.	As	these	ligands	are	also	found	in	the	choanocyte	DEG	 list,	 this	 indicates	 that	while	many	components	of	 the	pathway	may	be	expressed	in	multiple	cell	types,	choanocytes	are	the	only	cell	types	actively	expressing	Delta	
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and	 Serrate	 ligands	 necessary	 for	 activation	 and	 inhibition	 (Cordle	 et	 al.,	 2008)	 of	 the	pathway.	 This	 demonstrates	 that	 combining	 the	 information	 from	 both	 the	 DEG	 and	expressed	gene	list	could	provide	a	better	picture	of	what	genes	and	signaling	pathways	are	functioning	in	each	cell	type.				 While	this	definitely	does	not	mean	that	the	standard	differential	expression	analysis	is	inadequate,	nor	does	it	mean	the	quartile	expression	approach	is	applicable	to	every	study,	it	shows	 that	 for	 some	 animals	 there	may	 be	 information	 that	 is	 lost	 by	 only	 looking	 at	 the	differentially	 expressed	 genes.	 For	 example,	 the	 genes	 that	 are	 responsible	 for	 stem-cell	capacity	in	some	of	the	cell	types	(e.g.	archeocytes	and	choanocytes)	would	be	not	considered	differentially	 expressed,	 if	 both	 cell	 types	 express	 these	 genes	 at	 a	 high	 level.	 Although	 the	transdifferentiation	and	proliferation	capacity	of	pinacocytes	have	not	been	investigated	in	A.	
queenslandica,	 it	 has	 been	 reported	 in	 a	 number	 of	 other	 species	 (Alexander	 et	 al.,	 2015;	Borisenko	et	al.,	2015;	Ereskovsky	et	al.,	2015)	and	could	be	occurring	in	A.	queenslandica	as	well.	 If	 this	 was	 the	 case,	 genes	 involved	 in	 these	 processes	 would	 not	 be	 identified	 as	differentially	 expressed	 (e.g.	 the	Musashi	homolog	 Aqu2.1.29879)	 from	 this	 study	 since	 all	three	 cell	 types	 examined	 here	 theoretically	 have	 transdifferentiation	 and	 proliferation	capacities.	 Sequencing	more	 cell	 types	 (e.g.	 sclerocytes,	 spongocytes)	 in	 future	 studies	will	expand	this	dataset	and	aid	in	understanding	the	capacity	of	each	cell	type	in	A.	queenslandica.	
	
3.5.4	Conclusion			 In	this	study,	I	obtained	cell	type	specific	CEL-Seq	transcriptomes	from	three	different	cell	 types	 representing	 the	 major	 components	 of	 the	 sponge	 body	 plan:	 archeocytes	(mesenchymal	stem	cells),	choanocytes	(feeding	cells	forming	part	of	the	epithelial	layer)	and	pinacocytes	 (epithelial	 cells).	 These	 transcriptomes	 are	 distinct	 from	 each	 other,	 with	enrichment	 in	 genes	 indicative	 of	 their	 role	 in	 sponges.	 This	 study	 also	 investigated	 the	suggested	 homology	 between	 choanocytes	 and	 choanoflagellates	 by	 searching	 the	 cell	 type	transcriptomes	 to	 identify	 any	 signature	 of	 a	 shared	 gene	 repertoire	 between	 choanocytes	and	choanoflagellates.	There	was	no	clear	evidence	of	choanocytes	sharing	a	conserved	set	of	genes	with	choanoflagellates,	although	this	requires	further	investigation	and	most	likely	the	reconstruction	 of	 the	 CoRCs	 of	 both	 choanocytes	 and	 choanoflagellates.	 I	 also	 applied	 an	alternative	 approach	 from	 differential	 expression	 analyses,	 by	 observing	 the	 full	 set	 of	expressed	 genes	 using	 a	 quartile	 expression	 analysis.	 This	 demonstrated	 promising	 results	
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allowing	reconstruction	of	whole	pathways	 that	are	being	used	by	each	cell	 type,	as	well	as	identifying	 gene	 sets	 expressed	 in	 all	 cell	 types.	 This	 is	 a	 potentially	 useful	 tool	 in	 future	studies	 investigating	transcriptomes	in	sponges	that	have	maintained	plasticity	 in	many	cell	types.	Overall,	this	study	provides	the	most	comprehensive	cell	type	specific	transcriptome	in	sponges	 to	 date,	 demonstrating	 its	 potential	 use	 in	 future	 gene	 expression	 and	 functional	assays	as	well	as	comparative	analyses	and	cell	type	evolution	studies.	
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Figures	
	
 
 
Figure 3.1 Schematic diagram of a possible scenario of the evolution of metazoan 
multicellularity 
(A) A colony of a choanoflagellate-like unicellular organism. (B) This colony grows bigger 
and starts to show signs of partitioning of labor and cell specification. (C) Once the 
organism reaches a certain size, there are presumably multiple cell types and functions 
including feeding cells and epithelial cells, as well as mesenchymal stem cells to 
accommodate and sustain the large multicellular organism. 
  
A B C
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Figure 3.2 A simplified diagram of the Amphimedon queenslandica juvenile body 
plan highlighting the epithelial and mesenchymal cells used in this study 
The body plan of poriferans revolves around internal ciliated choanocyte chambers, which 
pump seawater through an aquiferous network of canals. Lining these canals as well as 
external epithelial-like layers, are the pinacocytes. Archeocytes are pluripotent 
amoebocytic cells found in the mesohyl, which are likely to be the predominant stem cells 
in sponges.  
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Figure 3.3 Principal component analysis of the cell type specific CEL-Seq 
The PCA analysis shows most of the samples from each cell type are clustered together. 
PCA was performed on DESeq2 (Love et al., 2014) and visualized using ggplot2 
(Wickham, 2009). 
 
 
 
 
 
 
Figure 3.4 Venn diagram of the differentially expressed gene list of each cell type 
Differentially expressed genes from each pair-wise comparison (DESeq2, Love et al., 
2014) visualized using VENNY (http://bioinfogp.cnb.csic.es/tools/venny). 
 
 
	 68	
 
 
 
 
Figure 3.5 Heatmap of genes in the KEGG pathway category: Genetic Information 
Processing found in each cell type upregulated gene list 
Archeocytes DEGs are enriched in genes involved in transcription, translation and RNA 
processing.  
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Figure 3.6 Heatmap of the cell polarity, junction and basal lamina genes of A. 
queenslandica upregulated in each cell type 
A heatmap of the epithelial-related genes (Appendix 3.9; previously identified by Fahey 
and Degnan (2010) expressed in each cell type. Many of the genes are enriched in 
choanocytes and pinacocytes. Specifically, the choanocytes are enriched in cell-junction 
related genes (Cadherin, α- and β-catenin), while pinacocytes are enriched in cell-polarity 
related genes (Par-3, Par-6 and aPKC). 
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Figure 3.7 Phylostratigraphic analyses of the differentially expressed gene lists 
(A) Phylostrata were assigned to 44,719 gene models in the A. queenslandica genome 
likely to their node of emergence, resulting in 28% pre-metazoan, 26% metazoan and 46% 
sponge (lineage) specific genes. (B) The same method applied to the DEG list of each cell 
type. (C) Enrichment (Log-odds ratio) of each phylostrata compared to the A. 
queenslandica genome. Asterisks indicate significantly over- or under-represented 
phylostrata. 
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Figure 3.8 Heatmap of shared orthologous groups between A. queenslandica and S. 
rosetta cell types 
A heatmap showing cell types between A. queenslandica and S. rosetta that have 
significantly shared orthologous groups (OGs). Adjusted p-values are given, where the 
overlap of the OGs between cell types are significant, while N.S. signifies that the overlap 
of OGs are not significant.  
 
 
 
 
 
 
 
 
Figure 3.9 The evolutionary history of the transcription factors in cell type DEG lists 
Pie charts showing the number of transcription factors (TFs) and their evolutionary 
histories, found in each cell type DEG list. Archeocytes have a total of 18, choanocytes 
have 39 and pinacocytes have 14 transcription factors that were identified as differentially 
expressed (see Appendix 3.12 for full list). Blue = TFs of premetazoan origin, orange = 
TFs of premetazoan origin, that were lost in the choanoflagellate lineage, red = TFs of 
metazoan origin, gray = TFs which require further investigation to determine their origin. 
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Figure 3.10 Overview of the quartile expression analyses observing shifting trends 
of phylostrata enriched in each cell type (legend over page) 
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Figure 3.10 Overview of the quartile expression analyses observing shifting trends 
of phylostrata enriched in each cell type 
Cell type specific expressed gene lists from quartile analyses (A-D) and DEG lists from 
DESeq2 (E) visualized using VENNY (http://bioinfogp.cnb.csic.es/tools/venny). Heatmaps 
indicate enrichment of phylostrata contained in each gene list in comparison to the A. 
queenslandica genome. Asterisks mark significant (p < 0.05) enrichment. The heatmaps 
on the far right are collapsed versions of the heatmaps on the left, where the premetazoan 
category contains phylostrata from cellular to holozoan, and the poriferan category 
contains phylostrata from poriferan to no blast (potentially A. queenslandica specific). (A-
D) These venn diagrams and heatmaps show the results of the analyses using expressed 
gene lists obtained from different quartile thresholds, ranging from (A) Q1+2+3+4 to (D) 
Q4 only (most highly expressed). (E) Venn diagram and heatmaps from the DEG lists 
generated by DESeq2 as a comparison. Ar = archeocyte, Ch = choanocyte, Pi = 
pinacocyte, ArCh = archeocyte+choanocyte, ArPi = archeocyte+pinacocyte, ChPi = 
choanocyte+pinacocyte, ALL = all cell types. 
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Figure 3.11 Heatmap of shared orthologous groups between cell type specific gene 
lists and non-metazoan eukaryotes 
Heatmap showing the percentage of A. queenslandica genes with orthologous groups 
(OGs) shared with the genome of select eukaryote species. (A) Percentage of genes with 
OGs shared between DEG and total expressed genes from non-exclusive lists. (B) 
Percentage of genes with OGs shared between DEG and total expressed genes - 
exclusive lists. A = archeocytes, C = choanocytes, P = pinacocytes, C+A = 
archeocytes+choanocytes, A+P = archeocytes+pinacocytes, C+P = 
choanocytes+pinacocytes, ALL = all cell types. Exclusive lists indicate all potential lists, 
while non-exclusive collapses all lists containing a cell type into one list (e.g. archeocyte 
DEG non-exclusive = A, A+P, C+A DEG lists combined; Appendix 3.8). 
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Figure 3.12 Heatmap in Figure 3.5 generated using the expressed gene lists 
Enrichment of genes in the KEGG pathway category: Genetic Information Processing 
found in each cell type upregulated gene list.  
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Figure 3.13 KEGG pathway reconstructions of the Notch signaling pathway using 
DEG and expressed choanocyte gene lists 
KEGG pathway reconstructions of the Notch signaling pathway indicating the components 
that are potentially being expressed in choanocytes. Components that were not identified 
in the A. queenslandica genome are in gray. (A) KEGG pathway reconstruction using the 
choanocyte DEG list. The components differentially expressed in choanocytes are 
highlighted in red. (B) KEGG pathway reconstruction using the choanocyte total expressed 
gene list. Red = components found in the all cell types gene list, Blue = components found 
in the choanocyte exclusive gene list. 
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Tables	
 
Table 3.1 Number of genes in contained in each quartile calculated from the quartile 
expression analysis 
 
Quartile 1 Quartile 2 Quartile 3 Quartile 4 Total 
Archeocytes 10720 4313 4365 3587 22985 
Choanocytes 8927 5140 4254 4382 22703 
Pinacocytes 9269 4674 4040 3702 21685 
The quartile values (Q1: 2.298049, Q2: 6.057978, Q3: 15.82973) calculated from non-transformed normalized 
counts of all samples from all cell types were used to determine the quartiles. Each quartile contains a list of 
genes with a mean normalized expression value within the following ranges for each cell type: Quarter 1 = 0 
< Q1, Quarter 2 = Q1 < Q2, Quarter 3 = Q2 < Q3, Quarter 4 = above Q3.  
 
 
 
Table 3.2 Number of genes contained in gene expression lists with different quartile 
value thresholds 
 
Q1+Q2+Q3+Q4 Q2+Q3+Q4 Q3+Q4 Q4 only 
Archeocytes 22985 12265 7952 3587 
Choanocytes 22703 13776 8636 4382 
Pinacocytes 21685 12416 7742 3702 
Total Aqu2.1 gene 
models 'expressed' 23143 16453 11635 6381 
The quartile values (Q1: 2.298049, Q2: 6.057978, Q3: 15.82973) were used as different thresholds for 
expression values. Each list contains genes with a mean normalized expression value above a given 
threshold for each cell type: Q1+Q2+Q3+Q4 = above 0, Q2+Q3+Q4 = above Q1: 2.298049, Q3+Q4 = above 
Q2: 6.057978, Q4 = above Q3: 15.82973.  
 
	 	
	 78	
Chapter	4	-	The	role	of	choanocytes	as	stem	cells	and	their	
dynamic	nature	in	the	demosponge	Amphimedon	queenslandica	
4.1	Abstract		
	 Stem	cells	 are	a	hallmark	of	 animal	multicellularity,	 and	are	essential	 for	developing	and	maintaining	 specialized	 cells	 and	 body	 plans.	 They	 are	 of	 particular	 interest	 in	 recent	years	because	of	their	potential	application	in	regenerative	medicine.	One	of	the	many	animal	groups	capable	of	extensive	regeneration	is	the	sponges.	This	capability	appears	to	be	largely	via	mesenchymal	stem	cells	called	archeocytes,	which	freely	migrate	throughout	the	sponge	body.	Choanocytes,	the	feeding	cells	of	the	sponge,	have	also	been	suggested	as	potential	stem	cells,	although	there	is	limited	documentation	on	their	capacity	as	stem	cells.	In	this	study,	I	document	the	involvement	of	choanocytes	in	the	stem	cell	system	of	the	juvenile	demosponge	
Amphimedon	 queenslandica	using	 the	 cell-tracker	 CM-DiI	 and	 the	 cell	 proliferation	 marker	EdU.	 I	 demonstrate	 that	 choanocytes	 regularly	 dedifferentiate	 into	 archeocytes,	 a	 process	observed	in	as	little	as	4	hours	after	labeling	choanocytes	with	CM-DiI.	These	archeocytes	are	pluripotent,	 capable	 of	 differentiating	 into	 a	 range	 of	 cell	 types,	 including	 pinacocytes,	sclerocytes,	spongocytes	as	well	as	new	choanocytes	and	choanocyte	chambers.	Using	EdU,	I	show	choanocytes	 in	some	chambers	can	be	proliferative,	although	 the	 level	of	cell	division	within	 chambers	 is	 highly	 variable,	 suggesting	 that	 different	 chambers	 are	 in	 different	physiological	 states.	 This	 observation	 is	 substantiated	 by	 the	 comparison	 of	 CEL-Seq	 data	from	 single	 choanocyte	 chambers,	 which	 indicates	 that	 chamber	 transcriptomes	 are	 either	enriched	in	metabolic	or	proliferative	gene	sets.	Although	the	dedifferentiation	of	choanocytes	into	 archeocytes	 does	 not	 appear	 to	 be	 contingent	 upon	 cell	 proliferation,	 these	 findings	suggest	 that	 choanocytes	 are	 a	 crucial	 part	 of	 the	 stem	 cell	 system,	 assisting	 in	 both	 the	growth	 of	 the	 sponge	 as	 well	 as	 increasing	 and	 maintaining	 the	 archeocyte	 stem	 cell	population.	
	
4.2	Introduction	
4.2.1	Stem	cells	and	regeneration	in	metazoans			 Development	 and	 maintenance	 in	 metazoans	 largely	 involves	 the	 use	 of	 stem	 cells	(Fuchs	 and	 Segre,	 2000;	 Sanchez	 Alvarado,	 2000;	 Weissman,	 2000;	 Gurley	 and	 Sanchez	
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Alvarado,	2008),	with	 increasing	 interest	 in	 recent	years,	particularly	after	 the	discovery	of	induced	pluripotent	stem	cells	(iPSCs)	(Takahashi	and	Yamanaka,	2006).				 In	animals,	most	cells	in	the	adult	body	are	stably	or	terminally	differentiated,	in	that	the	 cell	 cannot	 readily	 dedifferentiate	 back	 into	 an	 earlier	 cell	 state	 (Jopling	 et	 al.,	 2011).	There	 are	 however,	 populations	 of	 stem	 cells	 with	 varying	 levels	 of	 stemness,	 including	totipotent	cells	capable	of	differentiating	into	all	cell	types	and	giving	rise	to	a	whole	organism	(e.g.	zygotes	and	blastomeres	of	early	embryos)	and	pluripotent	cells	that	are	also	capable	of	differentiating	 into	a	range	of	cell	 types,	but	do	not	have	the	organizing	capacity	to	 form	an	individual	 (de	 Vries	 et	 al.,	 2008;	Mitalipov	 and	Wolf,	 2009).	 Additionally,	 there	 are	 usually	populations	of	progenitor	cells	near	or	within	specific	organs	or	 tissues;	and	 these	cells	are	generally	multipotent	 or	 unipotent,	 and	 are	 capable	 of	 replenishing	 a	 restricted	 number	 of	specific	cell	 types	(Anderson	et	al.,	2001;	Morrison,	2001;	Mitalipov	and	Wolf,	2009).	While	most	 animals	 are	 not	 capable	 of	 extensive	 regeneration	 (i.e.	 whole	 limbs	 and	 body	 parts),	there	 are	 a	 number	 of	 animals,	 and	 specific	 tissues,	 that	 are	 known	 for	 their	 remarkable	regenerative	 capacity	 of	 whole	 body	 or	 specific	 tissues,	 -	 e.g.	 urodele	 amphibians	 (Reyer,	1954;	Brockes	and	Kumar,	2005),	frog	tadpole	tails	(Beck	et	al.,	2003),	zebrafish	fin	and	heart	(Poss	et	al.,	2003;	Poss,	2007),	mollusks	(Lange,	1920;	Needham,	1952),	planarians	(Reddien	and	Sanchez	Alvarado,	2004),	freshwater	anemones	(Holstein	et	al.,	1991;	Galliot,	2012)	and	sponges	(Ayling,	1983).			 		 Within	these	examples	of	regeneration	in	animals,	there	is	great	variation	in	the	extent	of	regenerative	capacity,	as	well	as	 in	the	mechanisms	underlying	this	phenomenon	(Gurley	and	 Sanchez	 Alvarado,	 2008;	 Tanaka	 and	 Reddien,	 2011).	 Regeneration	 in	 many	 cases	involves	proliferation	 to	 increase	and	replenish	 the	stem	cell	population,	which	will	 in	 turn	differentiate	 and	 replace	 that	 which	 was	 lost	 (Gurley	 and	 Sanchez	 Alvarado,	 2008;	 Li	 and	Clevers,	 2010;	 Buczacki	 et	 al.,	 2013).	 However,	 this	 is	 not	 always	 the	 case,	 with	 some	regenerative	mechanisms	 involving	mainly	 transdifferentiation	of	 nearby	 cells	with	 little	 to	no	proliferation	(Holstein	et	al.,	1991;	Bosch,	2007).	As	regeneration	has	been	suggested	to	be	an	ancestral	 feature	of	all	animals	(Sanchez	Alvarado,	2000),	studying	the	development	and	regenerative	 mechanisms	 of	 a	 wide	 range	 of	 metazoan	 phyla	 is	 a	 stimulating	 avenue	 of	research.	Such	studies	can	provide	further	understanding	of	the	evolution	of	regeneration	in	metazoans,	and	have	 the	potential	 to	reveal	ancestral	mechanisms	and	pathways	 that	could	be	applied	in	regenerative	medicine.	
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4.2.2	Regeneration	in	sponges			 One	 group	 of	 animals	 well	 known	 for	 their	 regenerative	 capacity	 is	 sponges,	 and	observations	 on	 their	 regenerative	 characteristics	 date	 back	 to	 the	 early	 1900s	 (Wilson,	1907a,	b).	 In	his	classic	experiment,	Wilson	cut	a	sponge	tissue	into	small	pieces	and	sieved	these	 through	 a	 piece	 of	 cloth	 to	 dissociate	 the	 tissue	 into	 individual	 cells.	 When	 this	 cell	suspension	was	 left	 for	some	time,	he	 found	that	 these	 individual	cells	could	reaggregate	to	form	a	 functional	sponge	(Wilson,	1907b).	This	classic	study	has	been	revisited	many	times	(e.g.	Wilson	and	Penney,	1930;	Humphreys,	1963;	Custodio	et	al.,	1998;	Maldonado	and	Uriz,	1999;	 Perovic	 et	 al.,	 2003),	 with	 some	 recent	 multi-taxon	 comparative	 studies	 (Eerkes-Medrano	et	al.,	2015;	Lavrov	and	Kosevich,	2016)	demonstrating	that	this	ability	to	recreate	a	new	individual	from	cell	suspensions	is	not	a	universal	trait	among	sponges.				 In	 perhaps	 the	 most	 comprehensive	 study	 to	 date,	 Eerkes-Medrano	 et	 al.	 (2015)	sampled	seven	sponge	species	including	six	demosponge	species	and	one	calcareous	sponge	and	 found	 that	only	 two	of	 these	 species	 (demosponges	Spongilla	lacustris	 and	Haliclona	cf.	
permollis)	were	capable	of	regenerating	a	functional	sponge	from	dissociated	cells.	Although	the	mechanism	underlying	the	difference	between	these	species'	regenerative	capacities	is	yet	to	be	discovered,	 it	was	 suggested	 that	 environmental	 factors	 and	 the	growth	 form	of	 each	species	play	decisive	roles	(Eerkes-Medrano	et	al.,	2015).	As	such,	it	was	proposed	that	those	species	that	have	branching	growth	forms,	and	 live	 in	areas	with	high	water	 flow,	are	more	susceptible	 to	 breakage	 of	 large	 portions	 of	 their	 body,	 and	 therefore	 have	 adapted	 a	 high	regenerative	capacity	to	enable	settlement	and	growth	of	a	new	individual	from	the	torn	off	piece	(Wulff,	2006a;	2010).	In	contrast,	species	that	are	encrusting	or	cryptic	and	live	in	areas	with	 relatively	 low	water	 flow,	are	much	more	susceptible	 to	predation	and	wounds	rather	than	 large	 portions	 of	 their	 body	 being	 misplaced	 and	 relocated.	 Therefore	 they	 have	presumably	faced	selective	pressure	to	develop	high	efficiency	in	wound	healing	rather	than	whole	body	regeneration	from	a	small	piece	of	tissue	(Wulff,	2013).	 In	a	more	recent	study,	the	 reaggregative	 capacities	 of	 three	 demosponge	 species	 (Halichondria	 panicea,	Haliclona	
aquaeductus	and	Halisarca	dujardinii)	were	investigated,	with	the	results	again	demonstrating	that	not	all	sponge	species	are	capable	of	forming	functional	sponges	after	(Leys	and	Degnan,	2002)	(only	H.	dujardinii	in	this	case)	(Lavrov	and	Kosevich,	2016).	This	study	also	noted	that	life	cycle,	seasonality	and	even	small	changes	in	experimental	setup	could	change	the	outcome	
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of	the	reaggregation	process.	The	authors	concluded	that	in	order	to	definitively	determine	if	a	 species	 is	 capable	 of	 forming	 functional	 sponges	 through	 reaggregation,	 species-specific	optimization	of	experimental	conditions	is	necessary	to	accurately	measure	the	regenerative	capacity	 of	 each	 species	 (Lavrov	 and	Kosevich,	 2016).	 Thus,	while	Wilson’s	 initial	 stunning	observations	paved	the	way	for	future	studies	of	regeneration	in	sponges,	it	has	become	clear	that	there	 is	great	variability	 in	the	regenerative	capacity	of	different	sponge	species,	which	may	be	linked	with	the	evolution	of	different	growth	forms	in	this	phylum.		
4.2.3	The	stem	cell	system	of	sponges			 In	 sponges,	 archeocytes	 are	widely	 appreciated	 as	 the	 primary	 stem	 cells	 (Simpson,	1984;	Funayama,	2010,	2013).	Archeocytes	are	mesenchymal	pluripotent	stem	cells	that	can	freely	migrate	throughout	the	sponge	body,	and	are	largely	considered	to	be	key	components	of	 regeneration	 in	 sponges	 (Simpson,	 1984).	 In	 general,	 they	 are	 capable	 of	 differentiating	into	 all	 cell	 types	 in	 the	 sponge	 body,	 including	 gametes	 (Simpson,	 1984;	 Saller	 and	Weissenfels,	1985;	Saller,	1988;	Kaye,	1991;	Ereskovsky,	2010).	They	are	also	an	 important	part	of	development	 in	 sponges,	with	metamorphosis	 in	many	 species	 largely	 involving	 the	movement	and	differentiation	of	archeocytes	(Bergquist	and	Green,	1977;	Kaye	and	Reiswig,	1991b;	Ereskovsky,	2010;	Nakanishi	et	al.,	2014;	Sogabe	et	al.,	2016).	One	of	the	major	events	during	metamorphosis	 is	 the	establishment	of	a	 functional	aquiferous	system.	This	 involves	the	formation	of	choanocyte	chambers	and	the	differentiation	of	endopinacocytes,	which	line	the	canals	and	feed	in	to	the	large	excurrent	canal	called	the	osculum	(Boury-Esnault,	1991;	Leys	and	Hill,	2012).	While	the	precise	events	and	cell	types	involved	in	this	process	are	not	completely	 understood,	 larval	 archeocytes	 are	 implicated	 in	 these	 developmental	 steps	 in	many	species	(reviewed	in	Ereskovsky,	2010).				 In	some	species,	ciliated	larval	epithelial	cells	also	play	a	role	in	postlarval	choanocyte	chamber	 formation	 (Amano	 and	 Hori,	 1996;	 Leys	 and	 Degnan,	 2002),	 although	 in	 others,	larval	epithelial	cells	have	been	observed	to	completely	shed	off	after	settlement	(Bergquist	and	Green,	1977),	or	be	phagocytized	(Misevic	and	Burger,	1982;	Misevic	et	al.,	1990),	playing	a	minimal	role	in	postlarval	body	formation.	In	A.	queenslandica,	the	ciliated	larval	epithelial	cells	 transdifferentiate	 during	 metamorphosis	 to	 become	 postlarval	 choanocyte	 chambers	(Leys	 and	 Degnan,	 2002)	 passing	 through	 an	 intermediate	 archeocyte	 stage	 (Sogabe	 et	 al.,	2016),	(discussed	in	detail	in	Chapter	2).	It	appears	that	these	archeocytes	are	also	capable	of	
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differentiating	into	different	postlarval	cell	types	(Nakanishi	et	al.,	2014),	indicating	that	they	are	not	lineage	determined	and	are	at	least	multipotent.	Consequently,	this	process	could	be	interpreted	as	a	reprogramming	event	rather	than	transdifferentiation	(i.e.	transition	from	a	differentiated	 cell	 type	 into	 another	differentiated	 cell	 type	with	 an	 intermediate	 regressed	state,	 which	 is	 lineage	 determined	 and	 is	 therefore	 not	 a	 dedifferentiation	 event	 into	 a	pluripotent	 stem	 cell	 (Jopling	 et	 al.,	 2011).	 However,	 as	 there	 is	 currently	 no	 evidence	 of	predictable	 larval-to-postlarval	 cell	 lineages	 in	 sponges	 (cf.	Nakanishi	et	al.,	2014),	whether	the	archeocytes	here	are	lineage	restricted	intermediate	regressed	states	or	pluripotent	stem	cells	 is	 yet	 to	 be	 determined.	 As	 studies	 are	 increasingly	 uncovering	 the	 biology	 of	archeocytes	and	their	involvement	in	development	and	tissue	homeostasis,	there	is	emerging	evidence	that	choanocytes	are	als	part	of	the	sponge	stem	cell	system.	
	
4.2.4	Evidence	of	choanocytes	as	stem	cells			 Choanocytes	are	well	known	as	 the	 feeding	cells	of	 sponges,	yet	 they	also	have	been	observed	 to	 have	 other	 functions	 that	 are	 related	 to	 gametogenesis	 and	 regeneration.	Observations	 under	 light	 microscopy	 shows	 spermatogenesis	 in	 a	 number	 of	 species	occurring	inside	a	choanocyte	chamber	(Anakina	and	Korotkova,	1989;	Barthel	and	Detmer,	1990;	 Kaye	 and	Reiswig,	 1991a;	 Gaino	 et	 al.,	 2007;	Maldonado	 and	Riesgo,	 2008).	 In	 some	species	 such	 as	 the	 calcareous	 sponge	Paraleucilla	magna,	 choanocytes	 are	 responsible	 for	making	 both	 oocytes	 and	 spermatozoa	 (Lanna	 and	Klautau,	 2010).	However,	 as	 there	 have	been	reports	of	spermatogenesis	 from	archeocytes	as	well	 (Boury-Esnault	et	al.,	1999;	Leys	and	Ereskovsky,	2006),	gametogenesis	 in	sponges	appears	to	vary	greatly	depending	on	the	species.	Some	studies	have	also	demonstrated	that	choanocytes	(as	well	as	pinacocytes)	are	involved	in	the	regeneration	process	during	wound-healing	response	(Alexander	et	al.,	2015;	Borisenko	et	al.,	2015).	In	these	studies,	they	showed	that	many	of	the	differentiated	cell	types	near	 the	 wounded	 area	 transdifferentiate	 into	 the	 cell	 type	 necessary,	 demonstrating	 pre-existing	archeocytes	are	not	the	only	cell	types	responsible	for	the	regenerative	capacities	of	sponges.	Choanocytes	are	also	known	to	have	a	high	turnover	rate	in	many	species	(Tanaka	and	Watanabe,	1984;	De	Goeij	 et	 al.,	2009;	Alexander	et	al.,	2014),	making	 them	one	of	 the	most	proliferative	cell	types	in	sponges	along	with	archeocytes	(Sun	et	al.,	2007;	De	Goeij	et	al.,	 2009;	 Funayama,	 2013).	 Since	 choanocytes	 have	 been	 observed	 to	 be	 involved	 in	gametogenesis,	 and	 repeated	 cell	division	 is	 generally	undesirable	 for	 germline	 cells	due	 to	increased	 risk	 in	 undesirable	 mutations	 being	 inherited	 by	 the	 offspring,	 there	 could	 be	
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germline	 or	 quiescent	 populations	 of	 choanocytes	 and	 archeocytes	 (Funayama,	 2013).	However,	such	a	population	has	not	been	observed	nor	confirmed	 in	any	studies	 to	date.	 In	juvenile	 Amphimedon	 queenslandica,	 choanocytes	 have	 been	 observed	 to	 undergo	dedifferentiation	 into	 archeocytes	 within	 7	 days,	 although	 details	 on	 this	 phenomenon,	including	 the	 timing	 of	 dedifferentiation	 and	 the	 pluripotent	 capacities	 of	 the	 resulting	archeocytes,	have	not	been	documented	in	detail	(Nakanishi	et	al.,	2014).	 			 Perhaps	the	most	insightful	evidence	of	choanocytes	as	potential	stem	cells	in	a	natural	state	 comes	 from	 Funayama	 et	 al.	 (2010)	 using	 the	 freshwater	 demosponge	 Ephydatia	
fluviatilis.	In	this	study,	Eflpiwi	expression	(considered	to	be	an	indicator	of	stemness	or	stem	cell	 capacity)	 was	 documented	 in	 both	 archeocytes	 and	 choanocytes.	 Strikingly,	 while	 all	other	differentiating	 cells	 observed	 turned	off	Eflpiwi	 expression	 soon	after	 lineage	 specific	markers	 were	 expressed,	 choanocytes	 continued	 to	 express	 Eflpiwi	 alongside	 the	 lineage	specific	marker	Eflannexin	even	after	differentiation.	This	demonstrates	that	choanocytes	may	maintain	pluripotency	even	as	differentiated	cells.	Observations	on	the	pluripotent	capacities	of	 choanocytes	 in	E.	 fluviatilis	 have	 not	 been	 extensively	 documented,	 although	 archeocyte	and	 choanocyte	 transcriptomes	 are	 available	 in	 E.	 fluviatilis	 (Alié	 et	 al.,	 2015).	 With	 more	genomic	 and	 transcriptomic	 data	 becoming	 available	 across	 various	 sponge	 species	(Fortunato	et	al.,	2012;	Nichols	et	al.,	2012;	Fortunato	et	al.,	2014a;	Riesgo	et	al.,	2014;	Pena	et	al.,	 2016),	 bioinformatic	 analyses	 of	 the	 stemness-related	 gene	 repertoire	 of	 sponges	 and	choanocytes	 should	 flourish.	 In	 addition	 to	 such	 in	 silico	 studies,	 it	 is	 important	 to	characterize	 the	 biology	 and	 behavior	 of	 choanocytes,	 and	 their	 stem	 cell	 capacities,	 in	 a	natural	state.	 			 With	potential	stem	cell	capacities	of	choanocytes	observed	during	gametogenesis	and	regeneration	 in	multiple	 species	 (Anakina	 and	 Korotkova,	 1989;	 Kaye	 and	 Reiswig,	 1991a;	Maldonado	and	Riesgo,	2008;	Lanna	and	Klautau,	2010;	Alexander	et	al.,	2015;	Borisenko	et	al.,	 2015),	 as	well	 as	 	 dedifferentiation	of	 juvenile	 choanocyte	 chambers	occurring	within	7	days	in	A.	queenslandica	(Nakanishi	et	al.,	2014),	I	aimed	to	further	document	this	process	and	to	 elucidate	 the	 involvement	 of	 choanocytes	 in	 the	 stem	 cell	 system.	 Specifically,	 I	 have	investigated	 two	 key	 aspects	 of	 choanocyte	 chambers	 and	 their	 role	 as	 stem	 cells.	 First,	 I	aimed	 to	 refine	 the	 timing	 and	 extent	 of	 the	 dedifferentiation	 process	 -	 How	 long	 does	dedifferentiation	 take?	 Are	 the	 choanocyte-derived	 archeocytes	 pluripotent?	 Second,	 I	
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investigated	the	proliferative	dynamics	of	choanocytes	-	Are	all	choanocyte	chambers	equally	proliferative?	If	not,	what	could	be	underlying	their	differences?			 Here,	I	used	the	cell-tracker	CM-DiI	to	label	choanocyte	chambers	in	A.	queenslandica	juveniles	and	track	the	timing	of	dedifferentiation,	as	well	as	the	pluripotent	capacities	of	the	resulting	 archeocytes.	 Migrating	 CM-DiI-labeled	 archeocytes	 are	 detected	 by	 4	 hours	 post	incubation	 (hpi),	with	multiple	 cell	 types	 labeled	with	DiI	 observed	 by	 6	 hpi	 and	 onwards.	These	 observations	 indicate	 these	 choanocyte-derived	 archeocytes	 are	 pluripotent.	 DiI-labeled	 archeocytes	 are	 also	 capable	 of	 forming	 new	 choanocyte	 chambers.	 Labeling	proliferating	choanocytes	with	EdU	indicates	that	not	all	chambers	are	equally	proliferative,	nor	is	cell	proliferation	required	for	the	generation	of	archeocytes	from	choanocytes.	Analysis	of	 the	 choanocyte-specific	 CEL-Seq	 data	 supports	 the	 EdU	 results,	 and	 reveals	 two	transcriptionally	 distinct	 populations	 of	 choanocyte	 chambers.	 These	 two	 choanocyte	populations	 most	 likely	 represent	 different	 states,	 specifically,	 feeding	 and/or	 digesting	chambers	 and	 proliferating	 chambers.	 Taken	 together,	 these	 results	 show	A.	 queenslandica	choanocytes	are	capable	of	proliferation	and	dedifferentiation	under	natural	conditions	 in	a	growing	juvenile.	Choanocyte-derived	archeocytes	are	capable	of	differentiating	into	multiple	cell	 types	 including	 new	 choanocyte	 chambers,	 presumably	 playing	 a	 dynamic	 role	 in	 the	growth	of	the	sponge	body	as	well	as	the	expansion	and/or	maintenance	of	the	sponge	stem	cell	system.					
4.3	Methods	
4.3.1	Sample	collection			 Adult	 Amphimedon	 queenslandica	 were	 collected	 from	 Shark	 Bay,	 Heron	 Island	Research	 Station,	 Queensland,	 Australia.	 They	were	 then	 brought	 back	 to	 the	 University	 of	Queensland,	 St.	 Lucia	 campus	 and	 kept	 in	 the	 Degnan	 laboratory	 aquaria	 system.	 Larval	collection	 followed	 the	 protocol	 previously	 described	 (Leys	 et	 al.,	 2008),	 whereby	 adult	sponges	 were	 induced	 to	 release	 larvae	 using	 mild	 heat-treatment	 (1-2oC	 above	 ambient	temperature)	 ranging	 from	 2	 to	 6	 hours.	 Larvae	 were	 collected	 into	 a	 beaker	 and	 left	overnight	 to	allow	development	of	competency	 to	settle	and	metamorphose	(modified	 from	Degnan	and	Degnan,	2010).			
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	 Competent	larvae	were	placed	in	6-well	plates	with	10	ml	of	0.2	μm	filtered	seawater	(FSW)	for	1	h	in	the	dark	with	live	coralline	algae	Amphiroa	fragilissima,	to	induce	settlement	and	metamorphosis	(Nakanishi	et	al.,	2015).	After	4	h,	 larvae	settled	on	A.	fragilissima	were	removed	 using	 fine	 forceps	 (e.g.	 Dumont	 #5)	 and	 resettled	 upon	 round	 coverslips	 (3	postlarvae	per	coverslip),	which	were	placed	 in	wells	of	2	ml	FSW	in	24-well	plastic	plates.	These	 resettled	 postlarvae	 ball	 up	 and	 take	 the	 form	 similar	 to	 a	 newly	 settled	 larva.	Metamorphosis	 from	 resettled	 larvae	 to	 a	 functional	 juvenile	 with	 a	 complete	 aquiferous	system	 takes	 approximately	 72	 hours	 (Nakanishi	 et	 al.,	 2014;	 Degnan	 et	 al.,	 2015).	 For	 all	samples,	FSW	was	changed	daily	until	fixation.		
4.3.2	Cell	tracking	using	CM-DiI			 The	 lipophilic	 cell	 tracker	 CM-DiI	 (Molecular	 Probes	 C7000)	 was	 used	 to	 label	choanocyte	 chambers	 in	 juveniles	 as	 described	 in	 Nakanishi	 et	 al.	 (2014),	 with	 slight	modifications.	A.	queenslandica	juveniles	were	incubated	in	1	μM	CM-DiI	in	FSW	for	30	min	to	1	 h,	 depending	 on	 how	 well	 the	 choanocyte	 chambers	 were	 labeled.	 After	 incubation,	 the	juveniles	were	washed	in	FSW	several	times,	and	were	kept	 in	FSW	until	 fixation	at	various	time	points,	recorded	as	hours	post	incubation	(hpi)	ranging	from	0	to	48	hpi	in	this	study.	All	samples	 were	 fixed	 as	 previously	 described	 (Larroux	 et	 al.,	 2008a),	 without	 the	 ethanol	dehydration	 steps,	 to	 prevent	 dissolution	 and	 transfer	 of	 CM-DiI	 from	 labeled	 to	 unlabeled	cells.	 Samples	 were	 washed	 repeatedly	 in	 MOPST	 (1x	 MOPS	 buffer	 +	 0.1%	 Tween)	 after	fixation.	 Nuclei	 were	 labeled	with	 DAPI	 (1:1000,	Molecular	 Probes)	 for	 30	min,	 washed	 in	MOPST	for	5	min	and	mounted	using	ProlongGold	antifade	reagent	(Molecular	Probes).	The	samples	were	observed	using	the	ZEISS	LSM	710	META	confocal	microscope,	and	the	images	were	 analyzed	 using	 the	 software	 ImageJ	 to	 produce	 maximum	 intensity	 projection	 of	 z-stacks.		
	
4.3.3	Visualizing	proliferation	using	EdU			 To	 visualize	 cell	 proliferation,	 the	 thymidine	 analogue	 EdU	 (Click-iT	 EdU	AlexaFluor	488	 cell	 proliferation	 kit,	 Molecular	 Probes	 C10337)	 was	 used	 as	 previously	 described	(Nakanishi	et	al.,	2014;	Sogabe	et	al.,	2016).	To	label	S-phase	nuclei,	juveniles	were	incubated	in	FSW	containing	200	μM	of	EdU	for	6	h.	All	samples	were	incubated	with	EdU	during	the	6	h	immediately	prior	to	fixing	(e.g.	CM-DiI	6	hpi	samples	-	juveniles	were	incubated	with	EdU	for	
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the	 whole	 duration	 following	 CM-DiI	 incubation;	 CM-DiI	 12	 hpi	 samples	 -	 juveniles	 were	incubated	 with	 EdU	 between	 6	 to	 12	 hpi	 of	 CM-DiI).	 They	 were	 then	 washed	 in	 FSW	 and	immediately	 fixed	 as	 described	 above.	 Fluorescent	 labeling	 of	 incorporated	 EdU	 was	conducted	 according	 to	 the	 manufacture’s	 recommendations	 prior	 to	 DAPI	 labeling	 and	mounting	in	ProLong	Gold	antifade	reagent	as	described	above.		
	
4.3.4	Generation	of	a	choanocyte	CEL-Seq	dataset			 To	investigate	the	intra-individual	transcriptional	variation	among	choanocytes,	a	CEL-Seq	dataset	was	generated	from	10	whole	choanocyte	chambers	isolated	from	a	single	adult	sponge.	All	samples	were	collected,	prepared	and	sequenced	as	described	in	Chapter	3.	
	
4.3.4	Differential	expression	and	GO	enrichment	analysis			 Principal	component	analysis	(PCA)	was	performed	in	R,	to	analyze	the	transcriptomic	variation	 across	 the	 choanocyte	 chamber	 samples.	 Differential	 expression	 analysis	 was	performed	between	these	clusters	using	edgeR	(Robinson	et	al.,	2010;	McCarthy	et	al.,	2012)	on	Galaxy	Queensland	(Genomics	Virtual	Laboratory	4.0)	(Afgan	et	al.,	2015).	Default	values	were	used	 for	most	parameters:	non-differential	 contig	 count	quantile	 threshold	was	 set	 to	0.3,	 prior	 degrees	 of	 freedom	was	 set	 to	 10,	 using	 an	 FDR	 control	 method	 with	 a	 p-value	threshold	 of	 0.05	 FDR	 filtering	 for	 family-wise	 error	 rate	 control.	 The	 Gene	 Ontology	 (GO)	category	 enrichment	 analysis	 was	 performed	 using	 BiNGO	 (Maere	 et	 al.,	 2005),	 and	 the	results	were	summarized	and	visualized	using	REVIGO	(Supek	et	al.,	2011).			
4.4	Results	
4.4.1	CM-DiI-labeled	choanocytes	dedifferentiate	by	4	hpi			 To	refine	the	time	necessary	for	choanocytes	to	dedifferentiate	(from	an	estimate	of	7	days,	as	observed	 in	Nakanishi	et	al.,	2014),	choanocyte	chambers	 in	 juveniles	were	 labeled	with	 CM-DiI,	 and	 observed	 over	 a	 series	 of	 time	 courses.	 Initially,	 samples	were	 fixed	 and	observed	 every	 24	 hours	 over	 a	 two-day	 period.	 This	 revealed	 that	 a	 large	 number	 of	choanocytes	 labeled	with	CM-DiI	at	0	hours	post	 incubation	(hpi)	undergo	dedifferentiation	and	 subsequent	 differentiation	 well	 before	 48	 hpi	 (Figure	 4.1).	 Observations	 at	 a	 6-hour	
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interval	over	a	24-hour	period	demonstrated	that	migrating	CM-DiI-labeled	cells	are	already	abundant	before	6	hpi	(Appendix	4.1),	with	a	further	increase	in	migrating	cells	and	different	cell	 types	being	observed	at	 later	stages.	When	observed	at	2	hour	 intervals,	migrating	CM-DiI-labeled	cells	were	found	to	become	abundant	after	4	hpi	(Figure	4.2).	Although	there	were	CM-DiI	labeled	cells	with	non-choanocyte	morphologies	near	choanocyte	chambers	observed	at	 2	 hpi	 (Figure	 4.2A),	 CM-DiI-labeled	 archeocytes	 that	 are	 clearly	 outside	 of	 choanocyte	chambers	 were	 commonly	 found	 only	 after	 4	 hpi	 (Figure	 4.2B).	 These	 data	 indicate	 that	completion	of	the	dedifferentiation	process	from	a	choanocyte	is	possible	within	4	hours.		
4.4.2	Distinct	cell	types	labeled	with	CM-DiI	appear	after	6	hpi			 To	 determine	whether	 the	 CM-DiI-labeled	 archeocytes	 originating	 from	 choanocytes	are	pluripotent,	 I	 identified	and	recorded	the	different	CM-DiI-labeled	cell	 types	at	different	time	 points.	 Although	 some	were	 detected	 at	 earlier	 time	 points,	 distinguishable	 cell	 types	become	only	became	more	apparent	at	6	hpi	(Figure	4.3).	Some	of	the	more	obvious	cell	types	that	 could	 be	 distinguished	 by	 morphology	 and	 location/distribution	 within	 the	 juvenile,	included	 pinacocytes	 (Figure	 4.3A)	 and	 sclerocytes	 (Figure	 4.3B),	 as	 well	 as	 spongocytes	(Appendix	 4.2C).	 There	 were	 also	 a	 number	 of	 cell	 types	 that	 could	 be	 distinguished	 as	"differentiated",	 although	 the	 specific	 cell	 types	were	 not	 identifiable	 (e.g.	 Appendix	 4.2D).	The	 abundance	 and	 diversity	 of	 cell-types	 increased	 at	 later	 time	 points,	 in	 some	 cases	displaying	 organization,	 contributing	 to	 various	 structures	 of	 the	 juvenile	 sponge	 (e.g.	spongocytes	 lining	 the	 spongin	 fiber,	 Appendix	 4.2C;	 exopinacocytes	 forming	 part	 of	 the	epithelial	layer,	Appendix	4.3).				
4.4.3	Newly	formed	CM-DiI-labeled	choanocyte	chambers	appear	after	6	hpi			 To	determine	whether	CM-DiI-labeled	archeocytes	are	also	 capable	of	differentiating	into	 choanocytes	 and	 choanocyte	 chambers,	 EdU	 (which	 is	 incorporated	 into	 newly	synthesized	 DNA)	was	 used	 to	 identify	 nuclei	 preparing	 for	 proliferation.	 Both	 choanocyte	chambers	 that	were	 initially	 labeled	with	 CM-DiI,	 and	 choanocyte	 chambers	 newly	 formed	from	CM-DiI-labeled	archeocytes,	appear	identical	in	terms	of	their	CM-DiI	labeling.	However,	as	the	cells	involved	in	choanocyte	chamber	formation	are	proliferative	(Chapter	2),	it	can	be	inferred	 that	 small	 CM-DiI-labeled	 chambers,	 with	many	 if	 not	 all	 nuclei	 labeled	with	 EdU	represent	new	chambers	 that	developed	 from	a	CM-DiI-labeled	cell(s).	Such	chambers	were	
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observed	(Figures	4.4	and	4.5),	demonstrating	that	archeocytes	originating	from	choanocytes	are	 capable	 of	 differentiating	 into	 choanocytes	 and	 forming	 new	 choanocyte	 chambers.	 As	was	observed	in	choanocyte	chamber	development	during	metamorphosis	(Chapter	2),	these	newly	 formed	 juvenile	 choanocyte	 chambers	 can	 consist	 of	 multiple	 cell	 lineages	 (Figures	4.4A	and	4.5B),	and	are	not	always	clonal.			
4.4.4	Detection	of	different	sub-populations	and	cell	states	of	choanocyte	chambers			 EdU	 incorporation	 revealed	different	 states	of	proliferation	 in	 choanocyte	 chambers.	Focusing	 on	 completely	 CM-DiI-labeled	 choanocyte	 chambers,	 proliferation	 states	 vary	between	 mature	 choanocyte	 chambers,	 with	 some	 medium	 to	 large	 choanocyte	 chambers	containing	a	few	proliferative	cells	(Figure	4.6A	and	B),	while	other	medium-sized	chambers	had	 no	 evident	 proliferation	 (Figure	 4.6B	 and	 C),	 demonstrating	 no	 obvious	 correlation	 of	proliferation	 with	 chamber	 size.	 This	 was	 observed	 to	 be	 the	 case	 with	 partially	 CM-DiI-labeled	 choanocyte	 chambers	 as	 well	 (Figure	 4.7).	 All	 choanocyte	 chambers	 displayed	 in	Figure	4.7	are	of	similar	size,	with	varying	proportions	of	CM-DiI-labeled	cells	constituting	the	chamber.	 The	 chamber	 in	 Figure	 4.7A	mostly	 consists	 of	 CM-DiI-labeled	 choanocytes,	 with	some	 EdU	 incorporation	 observed	 in	 both	 labeled	 and	 non-labeled	 cells.	 Half	 of	 the	choanocytes	in	the	chamber	in	Figure	4.7B	are	CM-DiI-labeled,	with	no	EdU	incorporation	in	these	 cells,	while	 there	 are	 a	 few	 EdU-labeled	 nuclei	 in	 the	 other	 half	 of	 the	 chamber	 (not	labeled	with	CM-DiI).	Figure	4.7C	shows	a	relatively	proliferative	chamber	that	has	almost	no	CM-DiI-labeled	cells,	with	a	 single	 choanocyte	 in	 the	 chamber	 that	 is	both	CM-DiI	 and	EdU-labeled.	These	chambers	indicate	that	cell	origin	or	lineages	of	choanocytes	in	a	chamber	have	little	to	do	with	amount	of	proliferation	within	a	given	chamber.				 To	 investigate	whether	different	states	or	populations	of	choanocyte	chambers	could	be	 transcriptionally	 identified,	 the	 choanocyte	 CEL-Seq	dataset	 generated	 in	 Chapter	 3	was	reexamined.	 Principal	 component	 analysis	 within	 choanocyte	 samples	 revealed	 a	 large	proportion	of	 the	differences	 found	correlated	with	 the	 individuals	 they	were	 isolated	 from	(Appendix	 4.4),	 as	 observed	 in	 previous	 studies	 (Grice,	 2015).	 To	 eliminate	 the	 effect	 of	individual	 variation,	 another	 choanocyte	 CEL-Seq	 dataset	 was	 generated,	 using	 10	 whole	choanocyte	chambers,	 individually	 isolated	from	a	single	adult	sponge.	Principal	component	analysis	revealed	two	distinct	transcriptome	clusters	within	this	dataset:	cluster	A	(containing	4	 samples)	 and	 cluster	 B	 (containing	 6	 samples)	 (Figure	 4.8).	 To	 determine	 the	
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transcriptional	 differences	 underlying	 these	 two	 distinct	 clusters,	 differential	 expression	analysis	between	the	clusters	was	performed	using	edgeR	(Robinson	et	al.,	2010;	McCarthy	et	al.,	 2012)	 on	 Galaxy	 Queensland	 (Afgan	 et	 al.,	 2015).	 There	 were	 688	 genes	 differentially	expressed	(p-value	<0.05)	between	the	two	clusters,	504	of	which	were	upregulated	in	cluster	A	and	the	remaining	184	upregulated	in	cluster	B	(full	Aqu2.1	gene	model	and	GO	annotation	list:	 Appendix	 4.5).	 GO	 term	 enrichment	 analyses	 suggest	 the	 two	 clusters	 may	 represent	different	cell	states	or	sub-populations.	The	genes	in	cluster	A	show	a	marked	enrichment	in	GO	 terms	 associated	 with	 metabolic	 processes,	 such	 as	 proteolysis,	 cellular	 carbohydrate	metabolism	and	glycoside	metabolism	(Figure	4.9A).	The	genes	upregulated	 in	cluster	B,	on	the	 other	 hand,	 were	 enriched	 for	 GO	 terms	 associated	 with	 proliferation	 and	 cell	maintenance,	including	nucleotide	biosynthesis,	protein	ubiquitination,	positive	regulation	of	cellular	process,	and	microtubule	based	movement	(Figure	4.9B).	 	
	 	
4.5	Discussion			 Although	 it	 has	 been	 suggested	 that	 choanocytes	 have	 stem	 cell	 capacities,	 these	previous	 observations	 were	 made	 under	 specific	 situations	 such	 as	 gametogenesis	 and	regeneration	 (Anakina	 and	 Korotkova,	 1989;	 Kaye	 and	 Reiswig,	 1991a;	 Maldonado	 and	Riesgo,	2008;	Lanna	and	Klautau,	2010;	Alexander	et	al.,	2015;	Borisenko	et	al.,	2015).	 In	A.	
queenslandica,	choanocytes	had	previously	been	observed	to	undergo	dedifferentiation	under	normal	conditions	within	7	days	(Nakanishi	et	al.,	2014).	To	document	this	process	in	greater	detail	 and	 to	 elucidate	 the	 involvement	 of	 choanocytes	 in	 the	 stem	 cell	 system,	 I	 labeled	choanocyte	chambers	in	the	juvenile	sponge	using	the	cell-tracker	CM-DiI	and	followed	their	fate	over	time.	My	findings	indicate	that	many	choanocytes	in	chambers	do	not	remain	static,	with	some	cells	moving	out	of	the	chamber	in	less	than	4	hours,	and	differentiating	into	other	cell	types	(including	pinacocytes	and	new	choanocyte	chambers)	by	as	early	as	6	hours	later.	The	EdU	proliferation	assay	demonstrates	 that	choanocyte	chambers	have	varying	states	of	proliferation,	with	proliferative	state	having	no	obvious	correlation	with	the	size	or	clonality	of	 the	 choanocyte	 chambers.	 I	 also	 detected	 two	 distinct	 clusters	 within	 newly	 obtained	choanocyte	transcriptome,	which	show	enrichment	in	different	GO	terms:	either	digestion,	or	maintenance	 and	 proliferation.	 These	 results	 show	 that	 choanocyte	 chambers	 are	 dynamic	structures,	which	play	a	central	role	in	the	sponge	stem	cell	system,	as	opposed	to	terminally	differentiated	feeding	structures.		
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4.5.1	Dedifferentiation	of	choanocytes	in	A.	queenslandica	occurs	in	less	than	4	hours			 	As	previously	observed	 (Nakanishi	et	al.,	2014),	 choanocytes	 in	A.	queenslandica	 are	capable	of	dedifferentiation.	In	this	study,	I	have	shown	that	completion	of	dedifferentiation	and	migration	of	resulting	archeocytes	occurs	within	4	hours	of	labeling	the	choanocytes	with	CM-DiI	 (Figure	 4.2,	 Appendix	 4.1).	 Observations	 at	 later	 time	 points	 also	 infer	 that	dedifferentiation	from	choanocytes	to	archeocytes,	and	subsequent	differentiation	into	other	cell	 types	 occurs	 frequently,	with	 the	 proportion	 of	 non-choanocyte	 cell	 types	 labeled	with	CM-DiI	 increasing	over	time	(Figure	4.1B,	Appendix	4.1).	The	rate	at	which	choanocytes	are	dedifferentiating	 into	 archeocytes	 in	 this	 study	 indicate	 this	 process	 likely	 occurring	continually	 in	 juvenile	 A.	 queenslandica,	 and	 suggests	 that	 choanocyte	 chambers	 could	 be	acting	as	a	continual	source	of	pluripotent	archeocytes.	 	 			
	 4.5.1.1.	Other	cell	types	labeled	at	0	hpi		 An	important	caveat	is	that	the	initial	labeling	with	CM-DiI	is	not	completely	exclusive	to	 choanocyte	 chambers	 (as	briefly	mentioned	 in	Nakanishi	 et	 al.,	 2014).	Although	 the	vast	majority	of	cells	labeled	at	0	hpi	are	choanocytes	in	choanocyte	chambers,	there	was	always	a	small	 number	 of	 labeled	 cells	 with	 different	 morphologies	 (Appendix	 4.1A),	 as	 well	 as	choanocyte	 chambers	 that	 are	 not	 labeled	 with	 CM-DiI	 (Appendix	 4.1A).	 To	 minimize	 the	unwanted	labeling	of	other	cell	types,	I	used	a	lower	concentration	and	incubation	time	of	CM-DiI	 compared	 to	 the	 previous	 study	 (Nakanishi	 et	 al.,	 2014);	 although	 this	 still	 did	 not	completely	restrict	the	initial	 labeling	to	choanocytes.	Notably,	non-choanocyte	cells	initially	labeled	 with	 CM-DiI	 were	 almost	 always	 found	 adjacent	 to	 chambers,	 leaving	 open	 the	possibility	that	these	cells	are	the	result	of	choanocytes	dedifferentiating	during	the	labeling	process,	which	ranged	from	30	to	60	min.	 		 The	possibility	of	these	non-choanocyte	cell	types	initially	labeled	with	CM-DiI	taking	part	 in	 the	 dedifferentiation	 or	 subsequent	 differentiation	 processes	 cannot	 be	 ruled	 out.	However,	this	study	focused	on	gross	changes	in	the	whole	juvenile,	and	documented	a	vast	number	of	migrating	and	differentiated	cell	types.	Thus,	it	is	highly	unlikely	that	the	few	non-choanocyte	 cells	 initially	 labeled	with	 CM-DiI	 generated	 all	 of	 the	 labeled	 cells	 observed	 at	later	 stages,	 with	 the	 choanocytes	 taking	 no	 part.	 Additionally,	 for	 all	 of	 this	 study's	conclusions	involving	a	time	point	(i.e.	dedifferentiation	by	4	hpi,	differentiation	by	6	hpi),	 I	observed	multiple	individuals	for	all	treatments	and	time	points,	thus	I	am	confident	that	this	study	is	not	reporting	any	rare	or	abnormal	cell	behaviors	in	A.	queenslandica.	Furthermore,	
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the	timing	of	the	phenomena	described	in	this	study	remains	a	conservative	estimate,	and	it	is	possible	that	these	processes	are	happening	at	a	faster	rate.				 4.5.1.2	Details	of	the	dedifferentiation	process	
	 An	initial	aim	of	this	study	was	also	to	elucidate	the	exact	steps	that	take	place	in	the	dedifferentiation	process	of	choanocytes	becoming	archeocytes;	however,	this	proved	to	be	a	difficult	 task	 and	 was	 not	 pursued	 further.	 To	 this	 end,	 some	 examples	 of	 cells	 within	 or	around	 choanocyte	 chambers	 that	 have	 altered	morphologies	were	 documented	 (Appendix	4.6).	 However,	 as	 there	 are	 many	 cells	 labeled	 with	 CM-DiI	 found	 within	 and	 around	choanocyte	 chambers,	 the	 biological	 processes	 and	 cell	 behaviors	 underlying	 these	observations	 of	 unusual	 morphologies	 could	 not	 be	 determined.	 Some	 possible	interpretations	of	what	these	observations	may	represent	include:	1)	many	cells	with	altered	morphologies,	2)	multiple	cells	joined	together	in	the	process	of	forming	a	single	cell,	or	3)	a	flattened	 out	 cell	 encircling	 cells	 in	 a	 chamber	 (appearing	 as	 though	 these	 cells	 have	 a	connected	membrane).	Nonetheless,	at	this	point,	all	of	the	potential	mechanisms	involved	in	the	 dedifferentiation	 mechanism	 of	 choanocytes	 in	 A.	 queenslandica	 are	 speculative	 and	require	further	investigation.		 		 One	 of	 the	 key	 questions	 about	 the	 dedifferentiation	 process	 that	 requires	investigation	 is	whether	or	not	multiple	 choanocytes	 contribute	 to	 a	 single	 archeocyte.	The	size	 of	 a	 sponge	 choanocyte	 is	 very	 small	 -	 generally	 2-10	 μm	 in	 diameter	 (Leys	 and	 Hill,	2012)	and	3-5	μm	in	A.	queenslandica	-	compared	to	archeocytes	(ranging	from	8	to	30	μm	in	
A.	queenslandica).	In	E.	fluviatilis,	a	single	archeocyte	is	theoretically	capable	of	giving	rise	to	30	 choanocytes	 based	 on	 cell	 volume	 (Rasmont	 and	 Rozenfeld,	 1981).	 How	 a	 small	choanocyte	 is	 capable	 of	 generating	 an	 archeocyte	 that	 requires	 a	 huge	 increase	 in	 cellular	material	is	unknown,	but	the	role	of	choanocytes	as	feeding	cells	may	be	key,	as	it	gives	them	direct	 access	 to	 the	 energy	 and	 organic	 material	 required	 for	 this	 seemingly	 energy-	 and	material-	costly	 transition.	 In	a	recent	study,	 live-imaging	of	demosponge	Spongilla	lacustris	documented	a	single	mesohyl	cell	immigrating	into	a	choanocyte	chamber	and	differentiating	into	 a	 single	 choanocyte	 (Kahn	 and	 Leys,	 2016).	 The	 dedifferentiation	 and	 emigration	 of	choanocytes	 from	choanocyte	 chambers	 in	A.	queenslandica	may	 involve	 the	 reversal	of	 the	steps	 observed	 in	 this	 immigration	 event	 in	 S.	 lacustris.	 However,	 the	 mesohyl	 cell	 and	choanocytes	 of	 S.	 lacustris	 appeared	 to	 be	 of	 similar	 size	 compared	 to	 the	 substantial	 size	difference	between	choanocytes	and	archeocytes	of	A.	queenslandica,	indicating	that	different	
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and/or	 additional	 mechanisms	 may	 be	 underlying	 cell	 migration	 in	 A.	 queenslandica	choanocyte	chambers.			 		 Multiple	 observations	 were	 made	 of	 choanocytes	 potentially	 linked	 with	 a	 single	membrane	in	the	basal	region,	as	well	as	cell(s)	with	an	unusual	shape	and	size	with	only	one	detectable	 nucleus	 (Appendix	 4.6).	 From	 these	 images,	 it	 is	 tempting	 to	 speculate	 that	multiple	choanocytes	may	be	involved	in	the	formation	of	a	single	archeocyte.	In	this	scenario,	one	 choanocyte	 presumably	 extends	 its	 plasma	 membrane	 and	 engulfs	 neighboring	choanocyte(s),	 then	 utilizes	 this	 cellular	material	 to	 dedifferentiate	 into	 an	 archeocyte	 and	move	out	of	the	choanocyte	chamber.	If	multiple	cells	are	involved	in	dedifferentiation,	there	is	likely	to	be	programmed	cell	death	regularly	occurring	in	the	choanocyte	chambers.	In	fact,	there	 are	 often	 cells	 within	 and	 near	 choanocyte	 chambers	 containing	 multiple	 putative	apoptotic	 nuclear	 fragments	 (Appendix	 4.7).	 However,	 since	 archeocytes	 are	 inherently	phagocytic	 cells,	 the	apoptotic	nuclear	 fragments	 could	have	originated	 from	other	 sources.	An	ideal	follow	up	experiment	to	investigate	this	hypothesis	would	be	to	use	cell	death	assays	(e.g.	TUNEL	assay)	in	combination	with	CM-DiI	cell	tracking	to	investigate	whether	apoptosis	in	choanocyte	chambers	coincides	with	altered	cell	morphology.		
	
4.5.2	Archeocytes	dedifferentiated	from	choanocytes	are	pluripotent		
	 One	 of	 the	 main	 objectives	 of	 this	 study	 was	 to	 identify	 whether	 the	 archeocytes	dedifferentiated	from	choanocytes	have	pluripotent	capacities,	and	to	document	the	cell	types	that	they	can	become.	By	tracking	the	fate	of	these	archeocytes	using	CM-DiI,	 it	 is	clear	that	these	archeocytes	are	pluripotent,	with	a	variety	of	cell	types	labeled	with	CM-DiI	appearing	6	hpi,	 including	 pinacocytes,	 sclerocytes,	 spongocytes	 and	 other	 unidentifiable	 cell	 types.	Interestingly,	sclerocytes	were	never	observed	before	12	hpi,	which	could	represent	varying	differentiation	times	of	different	cell	 types	(i.e.	sclerocytes	could	take	 longer	to	differentiate	compared	 to	 pinacocytes).	 However,	 this	 observation	 could	 also	 simply	 be	 the	 result	 of	random	sampling,	with	sclerocytes	also	able	to	be	generated	at	an	earlier	stage.	A	difference	in	 the	 demand	 for	 certain	 cell	 types	 (e.g.	 pinacocytes	 need	 to	 be	 generated	 at	 a	 faster	 rate	compared	to	sclerocytes)	could	also	explain	why	certain	CM-DiI-labeled	cell	types	were	more	frequently	observed	than	others.			 	
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	 4.5.2.1.	Coordinated	behavior	and	differentiation	of	CM-DiI	labeled	cells	
	 Not	only	do	 the	CM-DiI-labeled	archeocytes	differentiate	 into	multiple	 cell	 types,	but	the	 observation	 of	 these	 cells	 over	 a	 long	 period	 (up	 to	 48	 hours	 in	 this	 study)	 has	demonstrated	 their	 capacity	 to	 coordinate	 behavior	 and	 differentiation	 as	 well,	 although	whether	 this	 is	 autonomous	 or	 in	 response	 to	 signals	 needs	 investigation.	 Some	 examples	include	the	spongocytes	(and	potentially	another	cell	type)	lining	a	developing	spongin	fiber	(Appendix	 4.2C),	 as	 well	 as	 exopinacocytes	 packing	 closely	 together	 to	 form	 the	 epithelial	layer	 (Appendix	 4.3).	 There	 are	 other	 examples	 including	 a	 cluster	 of	 what	 seems	 to	 be	archeocytes	with	a	nucleolus	(Appendix	4.8).	These	cells	resemble	the	cells	found	at	the	tip	of	the	 spongin	 fiber	 (Appendix	 4.2C)	 and	 could	 potentially	 be	 precursors	 to	 spongocytes	 and	new	 spongin	 fibers,	 although	 the	 precise	 cell	 types	 involved	 and	 the	 function	 of	 these	structures	have	not	been	documented.	Interestingly,	these	clusters	have	so	far	been	found	as	either	 completely	 CM-DiI	 labeled	 (e.g.	 Appendix	 4.8A	 and	 B)	 or	 completely	 non-CM-DiI-labeled	(Appendix	4.8B),	suggesting	that	spongin	fiber	development	may	be	a	clonal	process.	This	 requires	 further	 investigation	 including	 EdU	 labeling	 to	 observe	 proliferation	 in	spongocytes.	 Cells	 that	 make	 up	 the	 pinacoderm	 (namely	 pinacocytes)	 are	 generally	 not	known	 to	 proliferate	 (though	 they	 have	 been	 suggested	 to	 proliferate	 at	 a	 lower	 rate	(Ereskovsky	 et	 al.,	 2015)).	 Instead,	 they	 have	 been	 suggested	 to	 trigger	 differentiation	 of	mesohyl	 cells	 into	 pinacoderm	 cells,	 a	 potentially	 key	 mechanism	 involved	 in	 canal	 and	epithelial	 layer	 formation	 and	 growth	 (Schroder	 et	 al.,	 2004;	 Leys	 and	 Hill,	 2012).	 The	formation	 of	 these	 specialized	 structures	 comprised	 of	 CM-DiI-labled	 cells	 could	 be	coordinated	 by	 'inductive	 cues'	 from	 pinacoderm	 cells.	 However,	 this	 requires	 further	investigation	combining	cell-tracking	and	gene	expression	assays	(e.g.	in	situ	hybridization	or	fluorescent	in	situ	hybridization).		 		 When	juveniles	are	observed	under	the	light	microscope,	there	seem	to	be	'highways'	of	cells,	where	many	fast	moving	cells	are	found	(Appendix	4.9;	also	observed	in	Bond,	1992).	CM-DiI	labeled	cells	were	also	observed	to	be	laid	out	in	a	pattern	akin	to	these	'cell	highways'	(Appendix	4.10),	although	whether	or	not	 these	are	 indeed	the	same	structures	 is	yet	 to	be	confirmed.	There	are	also	cases	where	CM-DiI-labeled	cells	along	a	 'cell	highway'	 leads	 to	a	cluster	 of	 CM-DiI-labeled	 cells	 (Appendix	 4.10B),	 suggesting	 that	 these	 highways	 may	 be	playing	 a	 crucial	 role	 in	 coordinating	 cell	 movement	 for	 the	 organized	 development	 of	structures	within	the	sponge	body.	The	mechanism	underlying	these	highways,	whether	it	be	regulated	 by	 signaling	 (similar	 to	 the	 stem	 cell	 niche	 (Fuchs	 et	 al.,	 2004;	 Scadden,	 2006)),	
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chemical	cues	or	other	mechanisms,	requires	further	investigation.	These	'cell	highways'	in	A.	
queenslandica	can	 collapse	 or	 disintegrate	 into	 disorganized	 cell	movement	when	observed	under	the	microscope	over	a	long	period	of	time	(potentially	due	to	extensive	light	exposure:	Appendix	 4.11).	 This	 demonstrates	 that	 whatever	 is	 responsible	 for	 this	 phenomenon	 is	transient,	and	generated	by	a	reversible	mechanism.				 Throughout	 this	 study,	non-CM-DiI-labeled	 cells	were	observed	 forming	much	of	 the	same	 structures	 as	 labeled	 cells,	 or	 contributed	 to	 structures	 containing	 labeled	 cells	(Appendix	4.3D	and	4.8B).	This	provides	evidence	 that	CM-DiI-labeled	cells	are	behaving	 in	the	same	way	as	other	cells	in	the	juvenile.	Accordingly,	the	CM-DiI	label	itself,	and	the	origin	of	 these	 cells	 (as	 being	 dedifferentiated	 from	 choanocytes)	 do	 not	 appear	 to	 affect	 their	behavior,	demonstrating	 that	CM-DiI	 cell	 tracking	allows	observation	and	documentation	of	these	cells	in	their	natural	state	in	a	juvenile	sponge.		
	
4.5.3	Archeocytes	dedifferentiated	from	choanocytes	can	also	create	new	choanocyte	
chambers			 Choanocyte-derived	archeocytes	are	capable	of	generating	new	choanocyte	chambers	as	well,	suggesting	a	cycle	exists	between	the	two	cell	types.	Whether	the	choanocytes	in	these	newly	 formed	 choanocyte	 chambers	 are	 also	 capable	 of	 dedifferentiation	 has	 not	 been	specifically	examined	 in	 this	 study,	although	 there	 is	no	evidence	 to	suggest	otherwise.	The	cycle	 between	 choanocytes	 and	 archeocytes	 in	A.	queenslandica	 is	 presumably	 an	 essential	part	of	the	stem	cell	system,	which	together	with	growth,	acts	to	simultaneously	increase	the	population	of	both	stem	cells	and	feeding	cells.	In	order	to	better	understand	the	dynamics	of	choanocyte	 chambers,	 I	 will	 go	 through	 a	 detailed	 interpretation	 of	 choanocyte	 chambers	containing	 different	 proportions	 of	 CM-DiI-labeled	 cells,	 while	 discussing	 the	 potential	biological	mechanisms	underlying	their	formation.			 4.5.3.1	Non-CM-DiI-labeled	choanocyte	chambers		 Non-CM-DiI-labeled	 choanocyte	 chambers	observed	 in	 this	 study	are	proposed	 to	be	mainly	 the	 result	 of	 two	 mechanisms.	 First,	 there	 is	 the	 possibility	 that	 these	 choanocyte	chambers	developed	before	 the	CM-DiI	 incubation	at	0	hpi,	but	were	simply	not	 labeled	(as	discussed	in	section	4.5.1.1).	This	is	presumably	due	to	early	choanocyte	chambers	not	having	functional	 cilia	 or	 not	 yet	 being	 integrated	 into	 the	 aquiferous	 system,	 resulting	 in	 them	
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having	little	to	no	exposure	to	CM-DiI	in	the	water.	It	could	also	be	simply	due	to	insufficient	incubation	 time	 with	 CM-DiI,	 however	 this	 is	 unlikely	 as	 the	 uptake	 of	 CM-DiI	 into	 most	choanocyte	 chambers	 is	 incredibly	 rapid.	 At	 later	 stages,	 the	 majority	 of	 non-labeled	choanocyte	 chambers	 are	 likely	 the	 result	 of	 non-CM-DiI-labeled	 archeocytes	 creating	 new	choanocyte	chambers.	It	is	also	important	to	note	that	the	complete	absence	of	CM-DiI-labeled	cells	does	not	necessarily	indicate	the	chamber	consisting	of	a	single	cell	lineage	(i.e.	multiple	non-labeled	 cell	 lineages	 could	 have	 contributed	 to	 both	 the	 formation	 and	 growth	 of	 the	choanocyte	chamber).			 4.5.3.2	Partially	CM-DiI-labeled	choanocyte	chambers		 Partially	 labeled	 chambers	 are	 the	 product	 of	multiple	 cell	 lineages	 (CM-DiI-labeled	and	non-CM-DiI-labeled),	contributing	to	either	the	initial	formation	or	the	later	growth	and	development	 of	 choanocyte	 chambers.	 Details	 on	 the	 initial	 formation	 by	 multiple	 cell	lineages	have	been	discussed	 in	Chapter	2,	and	will	 therefore	not	be	extensively	covered	 in	this	chapter.	However,	it	is	worth	stating	that	the	results	from	this	study	(Figures	4.4	and	4.5)	clearly	show	multiple	cell	lineages	involved	in	early	development	of	choanocyte	chambers	in	juveniles	as	well.	This	indicates	that	choanocyte	chamber	formation	via	multiple	cell	lineages	is	a	general	mechanism	underlying	chamber	formation	in	A.	queenslandica,	and	is	not	specific	to	early	postlarval	choanocyte	chamber	formation	during	metamorphosis.				 Mature	 choanocyte	 chambers	 that	 consist	 of	 both	 CM-DiI-labeled	 and	 non-labeled	choanocytes	 could	 be	 the	 result	 of	 either	 chamber	 formation	 via	 multiple	 cell	 lineages	followed	 by	 growth,	 or	 later	 recruitment	 of	 choanocytes	 of	 different	 cell	 lineages	 into	 an	already	 formed	choanocyte	chamber.	Little	 is	known	about	recruitment	of	choanocytes	 into	chambers,	 though	 a	 recent	 study	 documented	 a	 single	 mesohyl	 cell	 differentiating	 into	 a	choanocyte	 and	 'squeezing'	 into	 a	 choanocyte	 chamber	 (Kahn	 and	 Leys,	 2016).	While	 it	 is	unclear	if	recruitment	into	a	chamber	in	A.	queenslandica	would	utilize	the	same	mechanism	found	in	S.	lacustris,	there	is	evidence	of	single	cells	migrating	into	choanocyte	chambers	in	A.	
queenslandica	(Figure	4.7C).	It	is	also	possible	that	choanocytes	are	'deposited'	into	chambers	via	archeocytes	through	asymmetric	cell	division,	which	could	also	explain	the	presence	of	a	single	 CM-DiI-labeled	 choanocyte	 in	 an	 otherwise	 non-CM-DiI-labeled	 choanocyte	 chamber	(Figure	 4.7C;	 Kahn	 and	 Leys	 (2016).	 However,	 this	 could	 also	 be	 the	 result	 of	 a	 recently	divided	cell	migrating	into	the	chamber,	or	a	recently	migrated	cell	undergoing	DNA	synthesis	in	the	last	6	h.	Ironically,	the	images	used	as	potential	steps	of	choanocytes	exiting	a	chamber	
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(section	 4.5.1.2,	 Appendix	 4.6)	 can	 also	 be	 used	 to	 explain	 potential	 steps	 of	 choanocytes	entering	a	chamber.	This	is	because	these	static	images	alone	cannot	inform	the	direction	of	cell	 movement,	 highlighting	 the	 necessity	 of	 developing	 new	 techniques	 to	 enable	 live	observation	and	investigation	of	precise	cell	movement	and	behavior.				 4.5.3.3	Completely	CM-DiI-labeled	choanocyte	chambers	
	 It	is	tempting	to	assume	that	the	choanocyte	chambers	completely	CM-DiI-labeled	are	static	in	terms	of	cell	movement,	as	they	look	identical	to	initially	CM-DiI-labeled	choanocyte	chambers	at	0	hpi.	However,	these	choanocyte	chambers	could	have	active	cell	movement	in	and	out	of	 the	chamber	that	cannot	be	detected	(as	mentioned	for	non-labeled	chambers	 in	section	 4.5.3.1).	 Therefore,	 even	 if	 a	 CM-DiI-labeled	 cell	 is	 recruited	 or	 if	 a	 choanocyte	dedifferentiates	 and	 leaves	 the	 choanocyte	 chamber,	 the	 choanocyte	 chamber	 will	 remain	completely	 labeled	 with	 CM-DiI,	 thus	 appearing	 unchanged	 at	 later	 time	 points.	 In	 some	sponges	such	as	Halisarca	caerulea,	choanocytes	are	constantly	shed	and	excreted	through	the	excurrent	canal	(De	Goeij	et	al.,	2009;	Alexander	et	al.,	2014).	This	is	also	not	something	that	could	be	detected	in	this	study	since	all	excreted	cells	would	have	been	washed	off	during	the	fixation,	washing,	 and	mounting	processes.	As	with	dedifferentiation,	 even	 if	 cells	were	 lost	via	excretion,	these	remaining	chambers	would	still	appear	completely	labeled.	
	
4.5.4	Different	states	of	choanocyte	chambers:	digestion	and	proliferation			 4.5.4.1	Transcriptomic	evidence	of	distinct	populations	of	choanocyte	chambers		 As	variation	between	individuals	is	substantial	in	A.	queenslandica	(Chapter	3;	Chapter	6	in:	Grice,	2015	PhD	thesis),	10	choanocyte	chambers	were	sampled	and	sequenced	from	a	single	individual	to	investigate	intra-individual	differences	among	choanocyte	chambers.	Two	distinct	clusters	were	identified	within	these	samples,	that	were	enriched	in	either	metabolic-	or	proliferation	and	cell-maintenance-related	GO	terms	(Figure	4.8	and	4.9).	As	it	is	unlikely	that	all	choanocytes	in	a	single	chamber	would	be	simultaneously	undergoing	metabolism	or	proliferation,	these	two	clusters	are	most	likely	not	true	sub-populations.	Nonetheless,	these	data	show	that	there	is	substantial	difference	between	the	two	clusters,	and	this	is	most	likely	representative	 of	 choanocyte	 chamber	 states,	 or	 the	 cell	 state	 of	 the	 majority	 of	 the	choanocytes	within	a	chamber.			
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	 Presumably,	most	 choanocytes	 in	 a	 choanocyte	 chamber	 are	 constantly	 feeding	 and	digesting	 whenever	 food	 is	 available,	 while	 proliferating	 cells	 will	 stop	 feeding	 and	 likely	upregulate	 a	 completely	 different	 set	 of	 genes.	 Thus,	 it	 is	 possible	 that	 a	 small	 number	 of	proliferating	 cells	 could	 skew	 the	 overall	 transcriptomic	 profile	 of	 a	 chamber	 to	 make	 it	distinct	from	a	choanocyte	chamber	with	no	actively	proliferating	cells.	If	this	is	the	case,	the	two	clusters	could	represent	A)	normal	(feeding	and	digesting)	chambers,	and	chambers	with	any	level	of	proliferation;	rather	than	B)	choanocyte	chambers	in	a	digestion-intense	versus	a	proliferation-intense	 state.	 This	 is	 also	 supported	 by	 the	 fact	 that	 cluster	 B	 is	 a	 very	 tight	cluster	possibly	due	to	the	enrichment	 in	a	small	set	of	proliferation	related	genes,	whereas	cluster	A	 is	much	more	variable,	 as	 this	 cluster	may	be	 representing	all	 other	physiological	states	 of	 non-proliferative	 choanocyte	 chambers.	 As	 a	 final	 note,	 this	 also	 provides	 strong	support	for	the	sensitivity	of	the	CEL-Seq	methodology,	and	demonstrates	that	it	is	a	powerful	tool	that	can	detect	and	distinguish	different	cell	states	within	the	same	cell	type.			 4.5.4.2	Observational	evidence	of	choanocyte	chambers	with	varying	proliferation	states		 From	 Chapter	 2,	 it	 is	 evident	 that	 early	 development	 of	 choanocyte	 chambers	 in	A.	
queenslandica	relies	heavily	on	proliferation,	even	if	there	are	multiple	cell	lineages	involved.	From	 the	 results	 of	 this	 study,	 the	 amount	 of	 proliferation	 found	 in	 choanocyte	 chambers	seems	 variable,	with	 little	 evidence	 to	 suggest	 that	 the	 proliferation	 rate	 of	 choanocytes	 is	determined	by	single	factors	such	as	size	of	chamber	(aside	from	early	developing	choanocyte	chambers	 (Sogabe	 et	 al.,	 2016)),	 chamber	 location,	 or	 cell	 lineage	 (Figures	 4.6	 and	 4.7,	Appendix	4.12),	indicating	this	needs	further	investigation	and	quantification.				 In	 some	 sponge	 species,	 large	 or	 mature	 choanocyte	 chambers	 are	 relatively	 non-proliferative,	 and	 the	 mechanisms	 underlying	 their	 maintenance	 and	 growth	 are	 not	 well	understood	 (Kahn	 and	 Leys,	 2016).	 An	 explanation	 for	 the	 existence	 of	 large	 choanocyte	chambers	with	little	to	no	proliferation,	could	be	an	alternative	growth	method	including	the	regular	 influx	 of	 choanocytes	being	 recruited	 into	 the	 choanocyte	 chamber	or	 the	 fusion	of	neighboring	 chambers.	 If	 choanocytes	 are	 being	 regularly	 introduced	 into	 large	 choanocyte	chambers	(suggested	 in	4.5.3.2	and	Kahn	and	Leys,	2016),	 this	could	potentially	explain	the	large	chambers	with	few	EdU	positive	choanocytes	(Figure	4.6A	&	B,	Figure	4.7A	&	B).	In	this	scenario,	 archeocytes	 that	 have	 recently	 divided	 are	 later	 recruited	 into	 choanocyte	chambers,	 thus	 appearing	 as	 proliferating	 choanocytes	 in	 a	 large	 chamber.	 However,	 this	could	 also	 simply	 be	 the	 result	 of	 a	 small	 number	 of	 cells	 within	 a	 chamber	 recently	
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undergoing	 DNA	 synthesis.	 As	 EdU	 positive	 cells	 tend	 to	 be	 located	 close	 together	 in	choanocyte	chambers,	recruitment	alone	cannot	explain	the	EdU	positive	choanocytes	in	large	chambers;	 perhaps	 there	 is	 also	 a	 mechanism	 for	 proliferative	 choanocytes	 to	 trigger	proliferation	of	neighboring	cells	within	the	chamber.				 As	 new	 choanocyte	 chambers	 tend	 to	 form	 near	 the	 edge	 of	 the	 juvenile	 (Harrison,	1974;	Simpson,	1984),	there	is	a	high	rate	of	proliferation	in	this	region,	which	generally	is	the	case	for	A.	queenslandica	as	well.	However,	the	locations	of	choanocyte	chambers	in	a	juvenile	body	are	not	permanent	and	have	been	observed	to	move	in	other	species	(Weissenfels,	1981;	Bond,	1992;	Kahn	and	Leys,	2016),	as	well	as	in	response	to	light	stress	under	the	microscope	in	 A.	 queenslandica	 (Appendix	 4.13).	 In	 previous	 studies,	 choanocyte	 chambers	 have	 been	observed	 migrating	 (mostly	 with	 mesohyl	 cells	 attached,	 responsible	 for	 their	 movement)	when	they	are	not	yet	integrated	into	the	aquiferous	system	(Weissenfels,	1981;	Bond,	1992;	Kahn	 and	 Leys,	 2016).	 The	 movement	 observed	 in	 Appendix	 4.13	 is	 perhaps	 a	 different	mechanism,	as	it	seems	to	be	simultaneously	affecting	multiple	choanocyte	chambers,	and	is	most	likely	a	reorganization	of	the	aquiferous	system	in	response	to	extensive	light	exposure.	This	 nevertheless	 suggests	 that	 chambers	 are	not	 restricted	 to	 the	 location	where	 they	 are	formed,	and	can	potentially	relocate	under	natural	conditions,	which	may	explain	why	some	mature	 or	 non-proliferative	 chambers	 can	 also	 be	 found	 near	 the	 edge	 of	 the	 juvenile	(Appendix	4.12).			 Further	 investigation	 of	 proliferation	 rates,	 growth	 mechanisms	 and	 potential	 cell	shedding	in	choanocyte	chambers	is	required	to	understand	the	dynamic	role	and	cell	kinetics	of	choanocytes	and	choanocyte	chambers	in	A.	queenslandica.	However,	this	study	makes	an	important	 contribution	 to	 this	 topic	 by	 demonstrating	 that	 different	 states	 of	 choanocyte	chambers	can	be	detected	by	both	transcriptomic	and	observational	studies.		
4.5.5	Labeling	choanocyte	chambers	with	CM-DiI:	a	useful	molecular	tool	to	observe	
development	and	cell	movement	in	A.	queenslandica			 Although	 there	 are	 several	 caveats	 (discussed	 above),	 labeling	 juvenile	 choanocyte	chambers	with	CM-DiI	is	a	useful	molecular	tool	to	observe	development	and	cell	movement	in	A.	queenslandica	when	used	and	interpreted	carefully.	In	this	study,	some	of	the	main	aims	were	 to	 refine	 the	 timing	 and	 speed	 of	 the	 dedifferentiation	 process	 at	 a	 finer	 scale	 than	
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previous	 works,	 and	 investigate	 the	 pluripotent	 capacity	 of	 the	 choanocyte-derived	archeocytes.	 Both	 of	 these	 aims	 were	 met,	 and	 these	 experiments	 also	 revealed	 many	interesting	observations	to	follow	up	in	future	studies.	For	example,	using	the	CEL-Seq	dataset	obtained	in	Chapter	3,	gene	expression	studies	in	combination	with	CM-DiI	cell	tracking	could	allow	for	simultaneous	visualization	of	gene	expression	and	cell	 lineage	tracing.	This	should	be	applied	for	further	investigation	of	both	the	dedifferentiation	of	choanocytes,	as	well	as	the	differentiation	 of	 CM-DiI-labeled	 archeocytes	 into	 other	 cell	 types	 or	 structures.	 CM-DiI	labeled	choanocyte	chambers	can	also	be	used	for	fluorescent	live-imaging,	with	preliminary	trials	showing	potential	for	applications	in	future	studies	(Appendix	4.14).		 		 The	 caveats	 of	 this	 cell-tracking	 study	 and	 other	 previous	 studies	 using	 fluorescent	trackers	(Leys	and	Degnan,	2002;	Mukhina	et	al.,	2006;	Nakanishi	et	al.,	2014),	highlight	the	importance	and	necessity	of	employing	better	tools	(i.e.	fluorescent	live-imaging,	transgenesis	etc.)	to	document	cell-fate	and	the	underlying	mechanisms	of	key	developmental	processes	in	sponges	 (e.g.	 embryogenesis,	metamorphosis,	 aquiferous	 system	 formation).	A	 recent	 study	created	 a	 three-dimensional	 fate	 map	 from	 larvae	 through	 to	 metamorphosis	 in	 the	 glass	sponge	Oopsacas	minuta	without	using	fluorescent	trackers,	but	by	3-D	reconstruction	of	light	microscopy	 images	 and	 electron	 microscopy	 (Leys	 et	 al.,	 2016).	 This	 however,	 is	unfortunately	not	effectively	applicable	to	every	sponge	species	as	O.	minuta	metamorphosis	does	not	involve	extensive	cell	migration,	dedifferentiation	or	transdifferentiation,	which	are	frequent	 mechanisms	 in	 other	 species.	 It	 is	 also	 important	 to	 note	 that	 the	 ambiguities	associated	with	interpreting	the	different	CM-DiI-labeled	cells	and	structures	discussed	in	this	chapter	 do	 not	 necessarily	 translate	 to	 this	 method	 being	 inherently	 flawed,	 but	 rather,	further	substantiates	how	dynamic	the	sponge	body	and	sponge	cell	movement	is.	
	
4.5.6	Choanocytes	as	part	of	the	A.	queenslandica	stem	cell	system		
	 From	 this	 study,	 it	 is	 evident	 that	 choanocytes	 are	 playing	 an	 essential	 role	 in	 the	development	and	maintenance	of	the	sponge	body,	or	more	specifically,	the	sponge	stem	cell	system,	 (as	 previously	 suggested	 by	 Funayama	 (2013).	 Choanocytes	 are	 primarily	 feeding	cells,	which	can	self-renew,	and	also	dedifferentiate	into	pluripotent	archeocytes.	Not	only	are	choanocytes	 capable	 of	 increasing	 and	 maintaining	 the	 archeocyte	 population,	 but	 these	choanocyte-derived	archeocytes	 can	also	generate	new	choanocyte	 chambers	 (Figure	4.10).	As	choanocytes	are	involved	in	regeneration	in	many	sponge	species	as	well	(Alexander	et	al.,	
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2015;	Borisenko	et	al.,	2015;	Ereskovsky	et	al.,	2015),	they	may	have	an	analogous	role	in	the	sponge	body	as	quiescent	stem	cell	populations	of	some	tissues	found	in	other	animals	(Li	and	Clevers,	 2010;	 Buczacki	 et	 al.,	 2013),	 that	 respond	 to	 tissue	 damage	with	 proliferation	 and	transdifferentiation.	 I	 propose	 that	 in	 A.	 queenslandica	 and	 potentially	 other	 species,	choanocytes	 are	 a	 crucial	 part	 of	 the	 stem	 cell	 system,	 forming	 a	 differentiation-dedifferentiation	cycle	with	archeocytes	and	assisting	in	the	growth	of	the	sponge	as	well	as	increasing	and	maintaining	the	stem	cell	population.				 	
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Figure 4.1 Dedifferentiation of choanocytes occurs within 48 hours (legend over 
page) 
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Figure 4.1 Dedifferentiation of choanocytes occurs within 48 hours 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). (A) 
A juvenile labeled with CM-DiI for 30-60 min at 0 hours post incubation (hpi) Choanocyte 
chambers appear as small spherical chambers (inset, dotted line) throughout the juvenile 
body (arrows). The excurrent canals (white dotted line) and the osculum (white line) are 
also part of the aquiferous system, but are not labeled with CM-DiI. (B) The distinct 
spherical signals of CM-DiI-labeled choanocyte chambers are less visible at 48 hpi, with 
many cells migrating outside of choanocyte chambers (inset) and found close to the edge 
of the juvenile body as well. Scale bars: 200 µm (inset 10 µm). 			 	
	 103	
	
		
Figure 4.2 CM-DiI-labeled cells are observed outside of choanocyte chambers from 
4 hpi onwards 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). (A)  
Choanocyte chambers (dotted line) are mostly intact at 2 hpi, although there are 
occasionally CM-DiI-labeled cells with different morphologies surrounding the chambers 
(arrow). (B) At 4hpi, migrating cells (arrows) are found outside of choanocyte chambers 
(dotted lines), some of which have a large nucleus and a clearly visible nucleolus 
(arrowheads) that is characteristic of archeocytes. Scale bars: 10 µm. 						 	
A B
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Figure 4.3 Different cell types labeled with CM-DiI are abundant from 6 hpi onwards 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). (A)  
A CM-DiI-labeled pinacocyte (arrow) at 6 hpi, with a thin plasma membrane with net-like 
extensions. (B) CM-DiI-labeled sclerocyte (arrow) at 12 hpi, with elongated needle-like cell 
bodies and a hollow space spanning the cell where the spicule is contained. Scale bars: 
10 µm. 										
A B
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Figure 4.4 Newly formed choanocyte chambers labeled with CM-DiI found after 6 hpi 
Nuclei are stained with DAPI (blue), S-phase nuclei are labeled with EdU (green) and cells 
are labeled with cell-tracker CM-DiI (red). (A) Recently formed small choanocyte chambers 
(dotted lines and arrows) at 6 hpi. The small choanocyte chambers have a majority of 
nuclei labeled with EdU suggesting they have formed in the 6 hours since CM-DiI labeling. 
The larger CM-DiI-labeled chambers were present at the time of initial labeling. (B) A 
relatively small choanocyte chamber completely labeled with CM-DiI (line and arrow) at 12 
hpi. Arrowheads indicate CM-DiI-labeled archeocytes with EdU incorporated nuclei. Scale 
bars: 10 µm. 						 	
A B
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Figure 4.5 Early choanocyte chambers with different CM-DiI-labeling  
Nuclei are stained with DAPI (blue), S-phase nuclei are labeled with EdU (green) and cells 
are labeled with cell-tracker CM-DiI (red). (A) Early choanocyte chamber (dotted line) 
completely labeled with CM-DiI. The absence of cilia and space at the center of this 
structure shows it is not yet a functional choanocyte chamber. (B) Early choanocyte 
chamber (dotted line) partially labeled with CM-DiI. Since not all of the cells are labeled 
with CM-DiI (i.e. have visible membranes), it cannot be determined whether there is space 
at the center, but the absence of cilia in the CM-DiI-labeled cells indicate this chamber is 
not yet functional. Scale bars: A, 10 µm; B, 5 µm. 			 	
A B
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Figure 4.6 Different proliferation states of choanocyte chambers  
Nuclei are stained with DAPI (blue), S-phase nuclei are labeled with EdU (green) and cells 
are labeled with cell-tracker CM-DiI (red). (A) Two medium-sized choanocyte chambers 
(dotted line) completely labeled with CM-DiI, with a few EdU positive cells (arrows). (B) A 
large choanocyte chamber (dotted line) and a medium-sized choanocyte chamber (solid 
line) completely labeled with CM-DiI. There are a few cells with EdU labeling in the large 
chamber (arrows), while the medium-sized chamber has none. (C) A medium sized- and a 
relatively small choanocyte chamber completely labeled with CM-DiI (dotted lines), with no 
EdU positive cells. The non-CM-DiI-labeled cluster of cells next to these chambers that are 
EdU positive (solid line) is presumably a small, newly-forming choanocyte chamber. Scale 
bars: 10 µm. 		 	
A B
C
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Figure 4.7 Different proliferation states in partially CM-DiI-labeled choanocyte 
chambers 
Nuclei are stained with DAPI (blue), S-phase nuclei are labeled with EdU (green) and cells 
are labeled with cell-tracker CM-DiI (red). (A) A choanocyte chamber (dotted line) mostly 
labeled with CM-DiI with some EdU positive cells, most of which are non-CM-DiI-labeled 
cells. (B) A choanocyte chamber (dotted line) consisting of roughly half CM-DiI-labeled 
cells. Some of the non-CM-DiI-labeled cells are EdU positive. (C) A choanocyte chamber 
(dotted line) almost completely devoid of CM-DiI, but with many EdU-labeled cells. There 
is one CM-DiI-labeled cell in this chamber, which is also EdU positive. Scale bars: A, B, 5 
µm; C, 10 µm. 
A B
C
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Figure 4.8 Principal component analysis (PCA) of the choanocyte CEL-Seq dataset 
PCA shows there are two distinct clusters within the choanocyte chamber samples 
sequenced. 4 of these samples were grouped as cluster A, while the remaining 6 samples 
were grouped as cluster B.  	
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Figure 4.9 Summary of the GO enrichment analysis of the differentially expressed 
genes between clusters A and B, visualized using REVIGO  
The size of the square reflects the frequency of the GO terms found within the result of the 
GO enrichment analysis, with particularly interesting GO superclusters indicated with a red 
dotted line. (A) GO terms enriched in cluster A, including superclusters such as 
proteolysis, cellular carbohydrate metabolism and glycoside metabolism; showing 
enrichment in metabolic process related genes. (B) GO terms enriched in cluster B, 
including superclusters such as nucleotide biosynthesis, protein ubiquitination, positive 
regulation of cellular process, as well as microtubule-based movement; showing 
enrichment in proliferation and cell maintenance related genes.  
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Figure 4.10 Proposed involvement of choanocytes in the stem cell system of 
Amphimedon queenslandica 
Choanocytes are capable of dedifferentiating into pluripotent archeocytes, which self-
renew, as well as differentiate into multiple other cell types in the sponge body, including 
choanocytes. This dedifferentiation process does not require proliferation. As choanocytes 
are primarily feeding cells and are also highly proliferative, they are potentially acting as 
reserves to maintain and increase the archeocyte population in a growing sponge, playing 
an essential role in the stem cell system. Green nuclei indicate proliferation. 
 	
	 	
Choanocytes
Archeocytes
Dedifferentiation
DifferentiationProliferation/
Self-renewal
Proliferation
   Multiple cell types 
including choanocytes
	 112	
Chapter	5	-	General	discussion	
5.1	Overview			 Since	 the	 first	 suggestion	 of	 shared	 ancestry	 of	 animals	 and	 unicellular	 protists	 by	Haeckel	 (1874),	 elucidation	 of	 the	 steps	 required	 for	 a	 unicellular	 organism	 to	 acquire	metazoan	multicellularity	has	been	one	of	the	main	goals	of	evolutionary	and	developmental	biology	 (evo-devo).	 Recently,	 there	 has	 been	 a	 marked	 increase	 in	 our	 understanding	 of	unicellular	 holozoans,	 with	 genomic	 and	 transcriptomic	 information	 and	 multiple	experimental	 approaches	 becoming	 available	 across	 unicellular	 holozoan	phyla,	 namely	 the	choanoflagellates	(Fairclough	et	al.,	2013;	Woznica	et	al.,	2016),	filastereans	(Suga	et	al.,	2013;	Sebe-Pedros	et	 al.,	 2016)	and	 ichthyosporeans	 (Suga	and	Ruiz-Trillo,	2013).	Although	basal	metazoan	(i.e.	sponges	and	ctenophores)	phylogeny	remains	a	source	of	controversy	(Dunn	et	al.,	2008;	Hejnol	et	al.,	2009;	Philippe	et	al.,	2009;	Dohrmann	and	Worheide,	2013;	Ryan	et	al.,	2013;	Moroz	 et	 al.,	 2014;	 Pisani	 et	 al.,	 2015;	Whelan	 et	 al.,	 2015a),	 sponges	 are	 one	 of	 the	basal	extant	metazoan	lineages.	With	relatively	simple	body	plans	(Li	et	al.,	1998;	Amano	and	Hori,	2001),	they	are	an	essential	phylum	in	comparative	analyses	investigating	the	evolution	of	 metazoan	 multicellularity.	 One	 hypothesis	 regarding	 the	 evolution	 of	 metazoan	multicellularity	 is	 that	 shared	ancestry	exists	between	choanocytes	–	sponge	 feeding	cells	–	and	 choanoflagellates,	 due	 to	 morphological	 similarities	 such	 as	 an	 apical	 flagellum	 and	 a	surrounding	 collar	 of	 microvilli	 (James-Clark,	 1866;	 Saville-Kent,	 1880;	 Gonobobleva	 and	Maldonado,	 2009).	 Not	 only	 are	 they	 crucial	 in	 evo-devo	 studies,	 but	 choanocytes	 are	 of	increasing	research	interest	within	the	sponge	community	as	well,	with	observations	of	their	stem	cell-like	behaviors	over	the	years	[e.g.	gametogenesis,	self-renewal,	transdifferentiation,	dedifferentiation	 and	 expression	 of	 stemness	 related	 genes	 (Kaye	 and	 Reiswig,	 1991a;	 De	Goeij	 et	 al.,	 2009;	 Funayama	 et	 al.,	 2010;	 Lanna	 and	Klautau,	 2010;	 Alexander	 et	 al.,	 2014;	Nakanishi	et	al.,	2014;	Sogabe	et	al.,	2016)],	suggesting	they	could	be	an	important	part	of	the	sponge	stem	cell	system	(Funayama,	2013).				 In	 this	 thesis,	 I	 sought	 to	 investigate	 choanocyte	 chamber	 development	 and	 their	potential	 role	 in	 the	 sponge	 stem	 cell	 system	 using	 the	 marine	 demosponge	 Amphimedon	
queenslandica.	 In	 Chapter	 2,	 I	 demonstrated	 that	 single	 choanocyte	 chambers	 could	 derive	from	multiple	 cell	 lineages,	 resulting	 in	 non-clonal	 choanocyte	 chambers.	 This	 finding	 is	 in	contrast	 to	 previous	 studies	 on	 the	 freshwater	 demosponge	Ephydatia	 fluviatilis	 suggesting	that	 choanocyte	 chambers	 develop	 clonally	 (Tanaka	 and	Watanabe,	 1984;	 Funayama	 et	 al.,	
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2005).	 In	 Chapter	 3,	 I	 obtained	 cell	 type-specific	 transcriptomes	 using	 CEL-Seq,	 from	 three	different	 cell	 types	 in	 A.	 queenslandica	 -	 archeocytes,	 choanocytes	 and	 pinacocytes	 -	 and	revealed	 that	 the	 known	 or	 likely	 properties	 of	 genes	 that	 are	 enriched	 in	 these	 cells	 are	consistent	with	the	roles	of	these	cell	types	in	the	sponge	body.	Comparison	of	Amphimedon	choanocyte	transcriptome	and	available	choanoflagellate	datasets,	showed	no	strong	evidence	of	 a	 shared	 gene	 repertoire	 between	 choanocytes	 and	 choanoflagellates,	 suggesting	 their	assumed	 homology	 requires	 revisiting.	 In	 Chapter	 4,	 I	 demonstrated	 that	 choanocytes	 also	regularly	 dedifferentiate	 into	 pluripotent	 archeocyte-like	 stem	 cells,	 which	 give	 rise	 to	multiple	cell	 types	 in	 the	sponge	body	 including	new	choanocyte	chambers.	This	 shows	 the	choanocytes	are	not	only	 feeding	cells	essential	 to	the	sponge	body	plan,	but	also	central	 to	the	stem	cell	system,	playing	a	dynamic	role	in	A.	queenslandica	and	potentially	other	sponge	species	as	well.	The	findings	from	this	thesis	highlight	the	importance	of	choanocytes	in	both	the	 growth	 and	maintenance	 of	A.	 queenslandica.	 This	 provides	 a	 platform	 for	 future	 gene	expression	 studies	 and	 functional	 assays,	 as	 well	 as	 providing	 insight	 into	 the	 proposed	homology	between	choanocytes	and	choanoflagellates.	
	
5.2	Choanocytes:	A	key	cell	type	in	the	A.	queenslandica	body	plan	
5.2.1	Choanocytes	as	feeding	cells	and	a	part	of	the	sponge	stem	cell	system			 Choanocyte	 chambers	 are	 a	 crucial	 part	 of	 the	 sponge	 body	 plan.	 This	 aquiferous	system	comprises	 the	main	structure	of	 the	sponge	body	and	 is	necessary	 for	 filter	 feeding,	respiration	and	excretion	via	incurrent	and	excurrent	canals	(Leys	and	Hill,	2012;	Degnan	et	al.,	2015).	Food	capture	generally	occurs	through	the	choanocytes	by	water	flow	generated	by	the	 collar	 and	 flagellum	 (Simpson,	 1984;	 Imsiecke,	 1993;	 Leys	 and	Eerkes-Medrano,	 2006),	although	 other	 epithelial	 cells	 (i.e.	 endopinacocytes	 lining	 the	 canals,	 exopinacocytes	 of	 the	surface	 epithelial	 layer)	 have	 been	 demonstrated	 to	 have	 phagocytic	 capacities	 as	 well	(Willenz	 and	 Van	 de	 Vyver,	 1982;	 Imsiecke,	 1993).	 From	 Chapter	 4,	 it	 is	 now	 likely	 that	choanocytes	play	an	essential	 role	 in	 the	sponge	 in	 terms	of	both	growth	and	maintenance,	not	only	as	a	feeding	cell.	In	Chapter	4,	I	demonstrated	that	in	A.	queenslandica,	these	cells	can	undergo	 dedifferentiation,	 increasing	 and/or	 replenishing	 the	 archeocyte	 population	necessary	 for	 maintenance	 of	 the	 body.	 These	 archeocytes	 can,	 in	 turn,	 generate	 new	choanocyte	 chambers,	which	may	 contribute	 further	 to	 expansion	of	 the	 aquiferous	 system	and	 growth	 of	 the	 sponge	 body.	 This	 suggests	 that	 A.	 queenslandica	 choanocytes	 play	additional,	 previously	 undocumented	 roles	 in	 sponge	 growth	 and	 maintenance.	 I	 have	
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therefore	demonstrated	that	in	addition	to	the	known	role	of	choanocytes	in	A.	queenslandica	development	 and	 body	 plan	 (Leys	 and	Degnan,	 2002;	Nakanishi	 et	 al.,	 2014;	Degnan	 et	 al.,	2015),	these	cell	types	also	potentially	serve	as	a	source	of	migrating	pluripotent	stem	cells,	constantly	 replenishing	 and	 increasing	 the	 populations	 of	 archeocytes	 and	 choanocytes	 as	necessary.			 The	ability	to	self-renew	and	dedifferentiate	into	a	pluripotent	stem	cell	suggests	that	choanocytes	 are	 capable	 of	 replenishing	 and	 maintaining	 the	 stem	 cell	 population	 under	natural	conditions,	most	likely	to	enable	homeostasis	and	growth.	Regeneration	in	many	cases	across	 animals	 triggers	 an	 increase	 in	 proliferation	 to	 replace	 the	 cells	 lost	 by	 damage	 or	amputation	(Wenemoser	and	Reddien,	2010;	Buczacki	et	al.,	2013;	Govindasamy	et	al.,	2014).	However,	 regeneration	 in	 many	 sponge	 species	 involves	 reorganization	 and	transdifferentiation	of	the	cells	in	close	proximity	to	the	wound,	without	a	marked	increase	in	proliferation	 (Harrison,	 1972;	 Boury-Esnault,	 1976;	 Simpson,	 1984;	 Smith	 and	 Hildemann,	1986;	 Louden	et	 al.,	 2007;	Borisenko	et	 al.,	 2015;	Ereskovsky	 et	 al.,	 2015).	In	 fact,	 a	 recent	study	on	Halisarca	caerulea	showed	that	proliferation	rates	in	close	proximity	to	the	wound	decrease	during	regeneration	(Alexander	et	al.,	2015),	most	 likely	due	 to	 the	energy	cost	of	regeneration	(Koopmans	et	al.,	2011).	Alexander	et	al.	(2015),	also	found	that	this	decrease	in	proliferation	was	not	observed	 in	 tissue	 further	away	 from	the	wound,	and	noted	 that	only	those	aquiferous	modules	(repeated	units	of	the	aquiferous	system	comprising	sponge	bodies	(Ereskovskii,	2003))	near	the	wound	showed	responsive	behavior	to	the	damage	(Alexander	et	al.,	2015).	The	regeneration	mechanism	in	A.	queenslandica	remains	relatively	unexplored;	questions	to	be	investigated	include	what	mechanisms	and	cell	types	contribute	to	the	wound	healing	process,	and	whether	tissue	damage	affects	cell	proliferation	rates.	Both	of	these	can	be	addressed	in	future	studies	by	methods	used	in	this	thesis	(Chapters	2	and	4);	EdU	labeling	proliferative	cells,	and	tracing	the	fate	of	CM-DiI	labeled	choanocyte	chambers	after	damage	is	applied	to	the	juvenile.			
5.2.2	Are	there	distinct	sub-populations	(e.g.	germline)	of	choanocytes?			 One	 of	 the	 biggest	 questions	 regarding	 choanocytes	 is	 whether	 there	 are	 multiple	populations	of	choanocytes,	or	if	all	choanocyte	chambers	are	essentially	the	same.	In	a	wide	range	 of	 sponge	 species,	 gametogenesis	 is	 known	 to	 occur	 within	 choanocyte	 chambers	(Anakina	and	Korotkova,	1989;	Kaye	and	Reiswig,	1991a;	Gaino	et	al.,	2007;	Maldonado	and	
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Riesgo,	 2008;	 Lanna	 and	 Klautau,	 2010).	 Choanocytes	 are	 also	 known	 to	 be	 highly	proliferative	 (De	 Goeij	 et	 al.,	 2009;	 Alexander	 et	 al.,	 2014).	 Especially	 in	 species	 where	choanocytes	 are	 known	 to	 be	 involved	 in	 gametogenesis,	 an	 important	 question	 to	 resolve	here	 is	 how	 these	 cells	 protect	 themselves	 against	 mutagenesis	 caused	 by	 repeated	 cell	division	 and	potential	 exposure	 to	mutagens	 at	 the	 sponge-food	 interface.	 This	 conundrum	has	 lead	to	suggestions	of	a	sub-population(s)	(i.e.	germline	equivalent)	of	choanocytes	that	remain	 relatively	 dormant	 (Funayama,	 2013).	 Although	 there	 is	 currently	 no	 conclusive	documentation	 of	 gametogenesis	 in	 A.	 queenslandica,	 previous	 observations	 under	 light	microscopy	near	brood	chambers,	suggest	that	choanocytes	undergo	spermatogenesis	while	archaeocytes	 undergo	 oogenesis	 (Degnan	 et	 al.,	 unpublished).	 Analysis	 of	 CEL-Seq	transcriptomes	of	whole	choanocyte	chambers	in	Chapter	3	revealed	choanocyte	chambers	in	different	 transcriptional	 states,	 suggesting	 that	 different	 sub-populations	 or	 states	 of	choanocytes	 do	 indeed	 exist	 in	 A.	 queenslandica.	 To	 further	 explore	 this	 phenomena,	 one	could	 isolate	 the	 choanocyte	 chambers	 undergoing	 spermatogenesis	 in	 species	 where	 this	phenomenon	 is	 observable	 (e.g.	 Paraleucilla	 magna	 (Lanna	 and	 Klautau,	 2010),	 Haliclona	
semitubulosa	 (Gaino	 et	 al.,	 2007),	 etc.)	 and	 sequence	 them	 along	 with	 other	 choanocyte	chambers	for	comparison.	The	resulting	differentially	expressed	gene	(DEG)	list	could	result	in	a	list	of	genes	or	a	germline	marker	that	can	be	applied	to	other	sponge	species.		
	
5.2.3	What	is	the	function	of	recruitment	of	cells	into	choanocyte	chambers?			 In	Chapter	3,	 I	demonstrate	that	choanocyte	chambers	are	highly	dynamic	structures	with	cells	 regularly	moving	 in	and	out	of	 them	via	 recruitment	and	dedifferentiation.	While	the	details	of	the	mechanisms	involved	in	recruitment	of	new	cells	into	choanocyte	chambers	need	further	 investigation,	previous	studies	by	myself	and	others	have	revealed	evidence	of	mesohyl	cells	migrating	into	choanocyte	chambers	(Kahn	and	Leys,	2016;	Sogabe	et	al.,	2016).	Leaving	 the	details	 of	 the	mechanism	aside,	 as	movement	of	 cells	 in	 and	out	 of	 choanocyte	chambers	 is	 seemingly	 a	 quite	 common	 event,	 it	 is	 worth	 considering	 the	 reasoning	 or	biological	explanation	behind	this	behavior.	One	potential	 function	of	archeocytes	becoming	choanocytes	would	be	 the	direct	access	 to	energy	and	nutrients	by	becoming	a	 feeding	cell.	However,	 there	have	been	multiple	observations	on	 the	 food	 transfer	between	choanocytes	and	amoeboid	cells	(Simpson,	1984;	Imsiecke,	1993),	as	well	as	between	amoeboid	cells	and	other	cell	types	(Willenz	and	Van	de	Vyver,	1984;	Willenz	and	van	de	Vyver,	1986;	Willenz	et	al.,	1986),	suggesting	food	particle	transfer	between	cells	occur	via	vesicular	transport.	What	
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then,	would	be	the	benefit	of	mesohyl	cells	becoming	choanocytes	themselves,	if	transporting	food	particles	between	cell	types	is	commonly	done	by	vesicles?					 In	A.	queenslandica,	the	uptake	and	subsequent	transfer	of	food	particles	occurs	fairly	quickly,	 with	 fluorescently	 labeled	 bacteria	 found	 in	 mesohyl	 cells	 around	 choanocyte	chambers	within	2-8	hours	(Yuen,	2016	PhD	thesis).	However,	this	observation	was	based	on	tracking	the	location	of	fluorescently	labeled	bacteria,	and	did	not	observe	cell	movement	per	se.	As	we	now	know	A.	queenslandica	choanocytes	can	dedifferentiate	relatively	quickly	(see	Chapter	4),	it	would	be	worth	investigating	this	phenomenon	with	CM-DiI-labeled	choanocyte	chambers.	This	would	demonstrate	if	any	of	the	labeled	bacteria	observed	in	cells	outside	of	choanocyte	 chambers	 were	 the	 result	 of	 dedifferentiation,	 rather	 than	 vesicular	 transfer	between	cells.	 If	 this	was	the	case	and	cells	could	migrate	out	of	choanocyte	chambers	with	food	 particles	 ingested	 and	 stored	 within	 them,	 it	 could	 potentially	 explain	 the	 functional	reasoning	 behind	 cells	 migrating	 into	 choanocyte	 chambers	 as	 well.	 In	 this	 scenario,	choanocyte	chambers	could	be	serving	as	'pit	stops'	for	migrating	cells	to	move	in	and	acquire	energy	and	nutrients	for	subsequent	dedifferentiation,	self-renewal	and	differentiation.		
	
5.3	Sponge	cell	types:	Does	terminal	differentiation	exist	in	sponges?			 It	has	been	known	for	many	years,	that	sponge	cells	retain	a	high	level	of	phenotypic	plasticity	even	as	differentiated	cells.	The	classic	dissociation/reaggregation	experiment	 is	a	clear	 example	of	 this,	where	dissociated	 single	 cells	were	demonstrated	 to	 reaggregate	and	reprogram	to	form	a	functional	sponge	(Wilson,	1907b).	Although	this	process	is	increasingly	being	 demonstrated	 as	 not	 universal	 among	 all	 sponge	 species	 (Wilson	 and	 Penney,	 1930;	Humphreys,	 1963;	 Custodio	 et	 al.,	 1998;	 Maldonado	 and	 Uriz,	 1999;	 Perovic	 et	 al.,	 2003),	recent	studies	have	shown	that	all	species	are	at	least	capable	of	forming	primary	aggregates,	which	 involves	 the	 majority	 of	 cells	 undergoing	 dedifferentiation	 (Eerkes-Medrano	 et	 al.,	2015;	 Lavrov	 and	 Kosevich,	 2016).	 In	 A.	 queenslandica,	 homogenous	 (potentially	dedifferentiated)	 cells	 contained	 inside	 aggregates	 have	 been	 observed,	 with	 a	 sheet-like	dermal	 layer	 around	 them	 (Sogabe,	 unpublished),	 although	 no	 further	 progress	 from	 this	point	including	any	differentiation	or	regionalization	of	internal	cells	was	observed.	As	it	has	been	 suggested	 that	 species	 that	 are	 capable	 of	 forming	 functional	 sponges	 had	 branching	growth	 forms	 in	 high	 water	 flow	 environments	 (Wulff,	 2006b;	 2010),	 perhaps	 A.	
queenslandica	is	incapable	of	forming	a	functional	sponge	from	dissociated	tissue,	as	observed	
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in	other	sponge	species	with	cryptic	growth	forms	that	lives	in	shallow	waters	with	low	water	flow	 (Eerkes-Medrano	 et	 al.,	 2015).	 However,	 this	 indicates	 that	 they	 presumably	 possess	high	 efficiency	 in	 wound	 healing,	 as	 they	 are	 more	 susceptible	 to	 predation	 and	 wounds,	compared	to	breakage	of	segments	via	water	flow	(Wulff,	2013).				 Reprogramming	 capacities	 of	 sponge	 cells	 observed	 in	 the	 reaggregation	 event	 is	observed	in	smaller	scale	wound	healing	as	well,	with	many	recent	studies	demonstrating	the	involvement	 of	 multiple	 cell	 types	 including	 choanocytes,	 exopinacocytes,	 endopinacocytes	and	preexisting	archeocytes	(Alexander	et	al.,	2015;	Borisenko	et	al.,	2015;	Ereskovsky	et	al.,	2015).	In	fact,	many	cell	types	have	been	reported	to	exhibit	some	form	of	reprogramming	or	stem	cell	like	behavior	(i.e.	transdifferentiate,	proliferate,	dedifferentiate)	in	certain	situations	including	wound	healing	and	gametogenesis	(Simpson,	1984;	De	Goeij	et	al.,	2009;	Nakanishi	et	al.,	2014;	Alexander	et	al.,	2015;	Borisenko	et	al.,	2015;	Ereskovsky	et	al.,	2015;	Sogabe	et	al.,	 2016).	 These	 observations,	 along	with	 the	 dissociated	 cells	 undergoing	 reprogramming	(Eerkes-Medrano	et	al.,	2015;	Lavrov	and	Kosevich,	2016),	illustrate	the	incredible	plasticity	maintained	 in	 sponge	 cells,	 raising	 the	 question	 of	 whether	 sponges	 actually	 possess	 any	terminally	differentiated	cells.	The	development	of	 induced	pluripotent	stem	cells	(iPSCs)	in	mammals	been	possible	due	to	the	revelation	that	even	mammalian	terminally	differentiated	cells	are	capable	of	forced	reprogramming	into	a	multipotent	state	(Takahashi	and	Yamanaka,	2006).	 Subsequent	 research	 on	 regeneration	 and	 stem	 cells	 has	 led	 to	 speculation	 that	 the	paradigm	 of	 terminal	 differentiation	 of	 cell	 types	 is	 inaccurate,	 and	 that	 it	 may	 be	 more	accurate	 to	 consider	 cells	 as	 being	 in	 a	 'stable	 differentiated	 state',	 while	 possessing	 the	capacity	 to	 reprogram	 when	 the	 stable	 state	 is	 disturbed	 (Alvarado	 and	 Yamanaka,	 2014;	Adler	 and	 Alvarado,	 2015).	 In	 sponges,	 it	 is	 likely	 that	 reprogramming	 capacities	 are	maintained	 in	many	 if	not	all	cell	 types,	especially	 in	species	where	a	 functional	sponge	can	form	from	dissociated	single	cells.				 The	reprogramming	capacities	of	cell	types	aside	from	the	larval	epithelial	cells	during	metamorphosis	 (Leys	 and	 Degnan,	 2002;	 Nakanishi	 et	 al.,	 2014;	 Chapter	 2)	 and	 juvenils	choanocytes	 (Nakanishi	 et	 al.,	 2014;	 Chapter	 4)	 have	 not	 been	 documented	 in	 A.	
queenslandica.	 However,	 in	 Chapter	 3,	 I	 identified	 Musashi	 homologs	 found	 in	 either	choanocyte	and	pinacocyte	common	DEG	list	or	all	cell	type	expressed	list,	as	well	as	one	Piwi	homolog	found	in	archeocyte	and	pinacocyte	common	DEG	list.	This	suggests	that	pinacocytes	-	 in	 addition	 to	 larval	 epithelial	 cells	 and	 choanocytes	 -	 may	 also	 possess	 stem	 cell-like	
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reprogramming	 abilities	 in	 A.	 queenslandica.	 Wound	 healing	 in	 many	 species	 involves	transdifferentiation	of	nearby	epithelial	cells	(pinacocytes	and	choanocytes)	(Alexander	et	al.,	2015;	Borisenko	et	al.,	2015;	Ereskovsky	et	al.,	2015),	and	the	growth	form	of	A.	queenslandica	suggests	it	has	high	wound	healing	capacity	(Wulff,	2013;	Eerkes-Medrano	et	al.,	2015).	Thus,	it	 is	 possible	 that	 both	 choanocytes	 and	 pinacocytes	 have	 maintained	 plasticity,	 playing	 a	major	 role	 in	A.	queenslandica	regeneration	via	 transdifferentiation	as	well.	Observations	of	pinacocytes	potentially	inducing	differentiation	of	other	mesohyl	cells	(Schroder	et	al.,	2004;	Leys	and	Hill,	2012),	and	a	mesohyl	cell	returning	to	a	choanocyte	chamber	it	had	just	passed	by,	 to	differentiate	 into	 the	chamber	 (Kahn	and	Leys,	2016),	demonstrates	pluripotent	cells	responding	to	potential	signaling	mechanisms	emitted	by	a	differentiated	cell.	Whether	these	are	 mechanisms	 similar	 to	 the	 stem	 cell	 niche	 (Lin,	 2002;	 Scadden,	 2006)	 requires	investigation.	 As	 an	 example,	 enrichment	 of	 the	Notch	 signaling	 pathway	 (e.g.	 activated	 by	osteoblastic	cells	 in	mammals	to	induce	an	increase	in	hematopoietic	stem	cells	(Calvi	et	al.,	2003))	 in	A.	queenslandica	choanocytes	 that	 regularly	 dedifferentiate	 into	 pluripotent	 stem	cells	 shows	 promising	 avenues	 for	 future	 pursuit.	 Future	 research	 on	 sponges,	 an	 early	branching	 metazoan	 with	 maintained	 plasticity	 in	 many	 cell	 types,	 could	 substantially	increase	 our	 understanding	 of	 	 'stable	 differentiated	 states'	 and	 the	 evolution	 of	 cell	 type	identity.	
	
5.4	The	proposed	homology	between	sponge	choanocytes	and	choanoflagellates			 Choanocytes	 have	 been	 long	 compared	 with	 choanoflagellates	 based	 on	 their	structural	similarities	as	well	as	their	capacity	to	form	multicellular	units	(James-Clark,	1866;	Saville-Kent,	1880;	Gonobobleva	and	Maldonado,	2009).	This	has	lead	to	the	speculation	that	the	metazoan	ancestor	 resembled	a	 choanoflagellate	 colony	 (Tuzet,	 1963;	Funayama,	2010;	Valentine	 and	Marshall,	 2015),	 and	 that	 sponge	 choanocytes	 and	 choanoflagellate	 cells	 are	homologous	to	the	 first	metazoan	cell	 (Hibberd,	1975;	Mehl	and	Reiswig,	1991;	Dayel	et	al.,	2011;	 Funayama,	 2013).	 Results	 from	 Chapter	 3,	 however,	 show	 no	 significant	 overlap	 of	genes,	 including	 those	 encoding	 transcription	 factors,	 between	A.	queenslandica	 choanocyte	and	Salpingoeca	rosetta	colony	transcriptomes.	Differences	between	sponge	choanocytes	and	choanoflagellates	 have	 been	 observed	 in	 other	 recent	 studies	 as	 well;	 ultrastructural	 and	functional	 differences	 between	 the	 flagellum	 and	 microvilli	 of	 choanocytes	 and	choanoflagellates	 (Mah	 et	 al.,	 2014),	 as	well	 as	 a	 choanocyte	 transcriptome	 from	Ephydatia	
muelleri	demonstrating	vertebrate	microvillar	genes	conserved	in	choanocytes,	but	missing	in	
	 119	
choanoflagellates	 (Pena	 et	 al.,	 2016).	 Together,	 these	 results	 indicate	 that	 although	choanocytes	 and	 choanoflagellates	 are	 similar	 at	 first	 glance,	 there	 are	 fundamental	differences	 between	 the	 two.	 Having	 said	 this,	 these	 results	 do	 not	 necessarily	 reject	 their	suggested	homology,	as	all	of	these	observed	differences	could	be	the	product	of	at	least	900	million	 years	 (Hedges	 et	 al.,	 2004;	 Tweedt	 and	 Erwin,	 2015)	 of	 independent	 evolution.	 As	mentioned	 in	 Chapter	 3,	 further	 investigation	 of	 deeply	 conserved	 genes	 and	 regulatory	networks	shared	between	sponges	and	choanoflagellates	is	required	to	determine	if	the	core	regulatory	 complexes	 (CoRCs)	 of	 sponge	 choanocytes	 and	 choanoflagellates	 have	 shared	components	(Wagner,	2014;	Arendt	et	al.,	2016).			 It	 is	 also	 worth	 opening	 a	 discussion	 on	 the	 validity	 of	 investigating	 the	 homology	between	sponge	choanocytes	and	choanoflagellates,	or	rather,	the	use	of	the	term	'homology'.	Including	methods	 such	 as	 the	 comparison	 of	 CoRCs	 in	 different	 cell	 types	 across	 lineages	(Arendt	 et	 al.,	 2016),	 homologous	 cell	 type	 identification	 is	 generally	 only	 applicable	 to	organisms	that	share	a	common	multicellular	ancestor.	The	comparison	here	is	between	one	cell	 type	 within	 an	 organism	 (sponge	 choanocytes)	 and	 a	 unicellular	 organism	(choanoflagellates).	Homologous	cells	are	defined	as	 "cell	 types	 that	 trace	back	 to	 the	same	cell	type	in	a	common	ancestor"	(Wagner,	2014;	Arendt	et	al.,	2016).	When	this	definition	is	applied	to	sponge	choanocytes	and	choanoflagellates,	the	common	ancestor	in	this	case,	is	the	last	 common	 ancestor	 (LCA)	 between	metazoan	 and	 choanoflagellate	 lineages.	 Although	 it	remains	 to	 be	 determined	whether	 this	 choanimal	 LCA	was	 capable	 of	 simple	multicellular	behavior	 (i.e.	 colony	 formation),	 the	 common	 ancestor	 between	 choanocytes	 and	choanoflagellates	 was	 a	 unicellular	 organism	 without	 complex	 (or	 more	 specifically;	metazoan-)	multicellularity.	By	definition,	 this	would	 indicate	 that	all	 cell	 types	observed	 in	choanoflagellates,	as	well	as	sponges,	are	homologous	as	they	share	a	common	'cell	type'	as	an	ancestor.				 As	 such,	 the	 currently	 available	 methods	 of	 elucidating	 cell	 type	 evolution	 and	homology	 are	 perhaps	 only	 applicable	 within	 metazoans	 (or	 other	 multicellular	 lineages),	where	 the	 LCA	 between	 the	 two	 lineages	 in	 comparison	 shares	 the	 same	 multicellular	ancestry	(e.g.	cell	type	evolution	can	not	be	conducted	between	animals	and	plants,	as	they	do	not	share	the	same	multicellular	ancestor).	However,	this	does	not	take	away	from	any	of	the	past	studies	comparing	choanocytes	and	choanoflagellates,	or	from	any	future	studies;	as	long	as	 we	 don't	 use	 the	 term	 'homology'.	 Comparative	 functional	 and	 gene	 expression	 studies	
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along	with	determining	the	CoRCs	in	the	cell	types	of	both	sponges	and	choanoflagellates,	will	provide	 insight	 into	 the	 CoRC	 of	 the	metazoan	 last	 common	 ancestor,	 elucidating	 how	 cell	types	and	phenotypes	have	evolved	and	are	currently	regulated	in	these	lineages.	Overall,	it	is	important	 to	 keep	 in	mind	 that	 the	 results	 from	 comparative	 analyses	 between	metazoans	and	 unicellular	 holozoans	 (especially	 between	 cells	 or	 cell	 types)	 cannot	 always	 be	interpreted	in	the	same	way	as	comparisons	within	metazoans.		
	
5.5	Transcriptomic	and	experimental	tools	developed	for	A.	queenslandica	
5.5.1	Transcriptomics			 In	Chapter	3,	 I	 collected	and	sequenced	a	CEL-Seq	dataset	 comprising	of	39	 samples	across	 different	 individuals	 (i.e.	 5	 samples	 of	 choanocytes,	 5	 samples	 of	 archeocytes,	 and	3	samples	 of	 pinacocytes,	 from	3	 different	 individuals).	 To	my	 knowledge,	 this	 dataset	 is	 the	most	 comprehensive	cell-type	 transcriptome	 in	sponges	 to	date,	with	 the	capacity	 to	detect	interindividual	 variation	 of	 the	 same	 cell	 type,	 as	 well	 as	 within	 cell	 type	 states	 and	 sub-populations	when	sample	size	 is	 increased	within	one	 individual	(Chapter	4;	10	choanocyte	chamber	 samples	 from	 one	 individual).	 When	 combined	 with	 previously	 obtained	developmental	CEL-Seq	data	(Anavy	et	al.,	2014;	Fernandez-Valverde	et	al.,	2015;	Levin	et	al.,	2016),	this	will	provide	a	powerful	tool	for	investigating	A.	queenslandica	cell	types	and	their	role	in	development.		
	
5.5.2	Cell	tracking	with	CM-DiI			 In	Chapter	4,	I	demonstrated	that	when	applied	to	juveniles,	CM-DiI	selectively	stains	choanocyte	chambers.	This	provided	a	powerful	tool	with	which	to	trace	dedifferentiation	of	choanocytes,	and	subsequent	behavior	after	becoming	a	pluripotent	archeocyte.	However,	a	number	of	caveats	should	be	noted	for	this	technique	(e.g.	a	small	number	of	non-choanocyte	cells	 initially	 labeled,	 cell	movement	 of	 CM-DiI-labeled	 cells	migrating	 in	 and	 out	 of	 CM-DiI	labeled	 choanocyte	 chambers	 is	 undetectable).	 Preliminary	 trials	 suggest	 that	 greater	 cell	labeling	 specificity	 may	 be	 achieved	 by	 spraying	 a	 single	 area	 of	 a	 juvenile	 with	 CM-DiI	solution,	with	 this	 technique	 leading	 to	successful	 labeling	of	a	small	number	of	choanocyte	chambers	within	 a	 juvenile	 (Sogabe,	 unpublished).	 Potentially,	 the	 number	 of	 cells	 initially	
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labeled	can	be	further	narrowed	to	a	single	choanocyte	chamber,	by	injecting	a	small	amount	of	CM-DiI	solution	directly	into	a	chamber	via	a	microinjector.		
	
5.5.3	Live	imaging			 As	 observed	 by	Kahn	 and	 Leys	 (2016),	 live	 imaging	 is	 a	 powerful	 tool	 that	 requires	further	development	in	sponges.	For	A.	queenslandica,	live	imaging	capabilities	have	increased	in	the	past	few	years	with	potential	use	for	documenting	biological	processes	in	future	studies	(see	Appendices	4.9,	4.11,	4.13	 for	examples	of	 time	 lapse	videos	with	 light	microscopy).	 In	general,	 observing	 the	 rapid	 and	 dynamic	movement	 of	 cells	 in	 sponges	 shows	 how	much	information	 we	 are	 losing	 from	 static	 images	 of	 fixed	 material.	 As	 discussed	 above,	transgenesis	and/or	reliable	cell	tracking	methods	need	to	be	developed	to	document	detailed	cell	movement	and	behavior	by	live	imaging.	There	is	some	progress	in	this	area,	with	a	few	attempts	demonstrating	the	potential	of	fluorescent	live	imaging	using	CM-DiI	as	a	cell	tracker	and	 Hoechst	 stain	 to	 label	 nuclei	 (Appendix	 4.14),	 although	 this	 will	 require	 further	optimization	for	practical	use.	
	
5.5.4	Future	directions			 With	increasing	genomic	and	transcriptomic	datasets	along	with	advances	in	imaging	techniques,	developing	reliable	molecular	 tools	 in	sponges	 is	essential	now	more	 than	ever,	for	observing	gene	expression	and	cell	 fate.	A	 recent	study	by	Leys	et	al.	 (2016)	provides	a	possible	 solution,	 by	 creating	 a	 three-dimensional	 fate	 map	 from	 larvae	 through	metamorphosis	 in	 the	 glass	 sponge	 Oopsacas	 minuta	 without	 using	 fluorescent	 trackers.	However,	 this	 was	 done	 by	 3-D	 reconstruction	 of	 light	 microscopy	 images	 and	 electron	microscopy,	and	is	unfortunately	not	effectively	applicable	to	sponge	species	where	extensive	cell	migration,	dedifferentiation	or	transdifferentiation	occurs.	Similar	to	the	situation	in	the	ichthyosporean	Creolimax	fragrantissima,	 and	other	unicellular	holozoans	 (Sebé-Pedrós	and	de	Mendoza,	2015)	the	development	of	transgenesis	and	gene	silencing	tools	are	essential	for	future	studies	to	investigate	not	only	the	expression	but	also	the	function	of	genes.	RNAi	in	A.	
queenslandica	 is	 currently	 being	 developed	 as	 well,	 although	 it	 is	 not	 yet	 at	 the	 level	 of	practical	use.	Perhaps	 the	 first	obvious	 step	 from	 this	 thesis	would	be	 to	develop	cell	 type-specific	markers	from	the	cell	type	CEL-Seq	data,	which	would	allow	confident	identification	
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of	 cells	 based	on	 gene	 expression.	Although	 it	 lacks	 the	 reliability	 of	 fluorescent	 transgenic	lines,	cell	type	lineage	markers	can	then	be	used	in	combination	with	CM-DiI	cell	tracking	to	allow	 documentation	 of	 cell	 fate	 and	 gene	 expression	 of	 some	 processes	 including	dedifferentiation	from	choanocytes.		
5.6	Conclusion			 This	 study	 represents	 the	 most	 comprehensive	 characterization	 of	 choanocytes	 to	date,	 by	 both	 next-generation	 sequencing	 of	 cell	 type-specific	 transcriptomes	 and	observational	 studies	 during	 metamorphosis	 and	 in	 juveniles,	 providing	 insight	 into	 the	dynamic	 nature	 of	 choanocytes	 and	 choanocyte	 chambers	 in	 the	 sponge.	 I	 propose	 that	choanocytes	play	a	central	role	 in	the	sponge	stem	cell	system,	assisting	 in	both	the	growth	and	maintenance	of	the	sponge	body	by	increasing	and	maintaining	the	stem	cell	population.	The	genes	 found	expressed	 in	choanocytes	showed	no	strong	evidence	of	a	 conserved	gene	repertoire	 with	 choanoflagellates,	 suggesting	 their	 similarities	 are	 likely	 the	 product	 of	convergence.	 The	 findings	 presented	 in	 this	 work	 provide	 a	 foundation	 to	 base	 and	 direct	future	 research,	 providing	 a	 platform	 for	 both	 cell	 tracking	 and	 gene	 expression	 studies.	Investigation	 of	 the	 underlying	 genes	 and	 mechanisms	 behind	 choanocyte	 chamber	formation,	growth,	dedifferentiation,	and	recruitment	of	cells	 into	choanocyte	chambers	will	further	elucidate	the	inherently	dynamic	role	of	choanocytes	in	sponges.		 	
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Appendix 2.1 Spreadsheet containing the list of genes differentially upregulated in 
the chamber stage, with BLAST2GO, GO and InterProScan annotations * 
*File available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 	
Appendix 2.2 Spreadsheet containing GO terms enriched in the chamber stage 
differentially upregulated gene list from BiNGO * 
*File available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 		 	
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Appendix 3.1 Spreadsheet containing the statistics of the demultiplexing and 
mapping steps for the cell type specific CEL-Seq2 samples * 
*File available online via CloudStor+ (Cloudstore link ; password = amphimedon). 
 
 
 
 
 
Appendix 3.2 Principal component analysis of all of the samples sequenced for the 
cell type specific CEL-Seq2 dataset  
The initial PCA of all of the samples sequenced for cell type specific CEL-Seq2. This 
contains 15 choanocyte, 15 archeocyte, and 9 pinacocyte samples with a total of 39 
samples. The gray cluster indicates the samples with low reads, which were removed from 
downstream analyses.  
 
Appendix 3.3 Spreadsheet containing differentially expressed gene lists from 
DESeq2 with Trinotate annotations and phylostrata ID * 
*File available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
 
Appendix 3.4 Spreadsheet containing KEGG enrichment analysis results on 
differentially expressed gene lists from DESeq2 * 
This spreadsheet contains the output of KEGG enrichment analyses performed on each 
cell type DEG list. The first sheet contains percentage values of genes/components 
identified in the DEG lists relative to the A. queenslandica genome. 
*File available online via CloudStor+  
(Cloudstore link: https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
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Appendix 3.5 Spreadsheet containing the transcription factors identified by multiple 
methods in Amphimedon queenslandica * 
This spreadsheet contains the following sheets with lists of TFs identified by different 
methods: "2+ methods": A list of all of the TFs identified by more than 2 methods. "FULL": 
TFs identified by any method. "DBDs": TFs identified using the DBD database (see section 
3.3.8.1 for details). "OrthoMCL": identified by William Hatleberg in (Hatleberg, 2016 PhD 
thesis in review). "Fernandez-Valverde": TFs identified by Fernandez-Valverde 
(unpublished). "Aq genome": TFs identified in (Srivastava et al., 2010). "Larroux 2008": 
TFs identified in (Larroux et al., 2008). "bHLH": bHLH TFs identified in (Simionato et al., 
2007). "bZIPs": bZIP TFs identified in (Jindrich and Degnan, 2016). "Larroux 2006": TFs 
identified in (Larroux et al., 2006). "NF-kB": NF-kB TFs identified in (Gauthier and Degnan, 
2008). "NRs": NR TFs identified in (Bridgham et al., 2010). "Runx": TFs identified in 
(Robertson et al., 2009). "Stat": STAT TF identified in (Sebe-Pedros et al., 2011).  
*File available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
 
Appendix 3.6 Spreadsheet containing transcription factors identified by more than 2 
methods with annotations on their evolutionary origin * 
This spreadsheet contains the list of TFs identified by more than 2 methods, with 
annotations on their evolutionary origin, based on domain origins and literature. Red = 
metazoan, Blue = premetazoan, Orange = premetazoan (lost in the choanoflagellate 
lineage). 
*File available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
 
Appendix 3.7 Spreadsheet containing expressed gene lists (Q3 + Q4) from the 
expression quartile analysis with Trinotate annotations * 
*File available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
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Appendix 3.8 Example of exclusive and non-exclusive gene lists 
Examples of exclusive and non-exclusive lists using the DESeq2 DEG venn diagram. (A) 
This is an exclusive gene list, containing only the genes that were found exclusively in the 
DEG list or expressed list (in expression quartile analysis) of a particular cell type. In this 
example, there are 3,455 genes in the archeocyte exclusive gene list. (B) This is a non-
exclusive gene list, containing all of the genes that were found in the DEG list or 
expressed list (in expression quartile analysis) of a particular cell type, including genes 
shared with other cell types. In this example, there are 4,609 genes in the archeocyte non-
exclusive gene list (consisting of 3,455 genes in the archeocyte exclusive gene list, 67 
genes in the archeocyte and choanocyte shared gene list, and 1,089 genes in the 
archeocyte and pinacocyte shared gene list). 
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Appendix 3.9 Cell polarity, junction, and basal lamina genes identified in 
Amphimedon queenslandica  
Epithelial genes previously identified by Fahey and Degnan (2010). Proteins in color are 
encoded by predicted genes from the A. queenslandica genome, while those in gray 
represent bilaterian proteins with no clear A. queenslandica orthologs. Adapted from 
Fahey and Degnan (2010) 
 
Appendix 3.10 Spreadsheet containing the phylostrata enrichment of the 
differentially expressed gene lists from DESeq2 * 
*File available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC   
password = amphimedon).
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Appendix 3.11 Putative origins of transcription factor domains (Sebé-Pedrós and de 
Mendoza, 2015) 
A cladogram displaying the origin of transcription factor domains. Colors represent 
different domains. There a re a number of TF domains lost in the choanoflagellate lineage 
(e.g. bZIP, PAR, C/EBP, CREB). Adapted from (Sebé-Pedrós and de Mendoza, 2015). 
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Appendix 3.12 Spreadsheet containing transcription factors found in the 
differentially expressed gene lists from DESeq2 * 
This spreadsheet contains the list of TFs contained in the cell type DEG lists. TFs 
contained in these lists were identified by more than 2 methods with annotations on their 
evolutionary origin based on domain origins and literature. Red = metazoan, Blue = 
premetazoan, Orange = premetazoan (lost in the choanoflagellate lineage). 
*File available online via CloudStor+  
(Cloudstore link: https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
 
Appendix 3.13 Spreadsheet containing KEGG enrichment analysis results on highly 
expressed gene lists (Q3+ Q4) from the expression quartile analysis * 
This spreadsheet contains the output of KEGG enrichment analyses performed on highly 
expressed gene list exclusive to each cell type as well as those found in all cell types. The 
first sheet contains percentage values of genes/components identified in the DEG lists 
relative to the A. queenslandica genome. 
*File available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
 
 
 
Appendix 3.14 Expression of Amphimedon annexin homolog found in choanocyte 
chambers 
Annexin homolog (Aqu2.1.41583; top BLAST hit to EflAnnexin) expression pattern in 
juvenile A. queenslandica. (A) WMISH (whole mount in situ hybridisation) results showing 
annexin homolog expressing cells stained with alkaline phosphatase (purple). Choanocyte 
chambers are labeled (red arrows), while other cell types are not (black arrows). (B) FISH 
(fluorescent in situ hybridisation) shows choanocytes chambers are predominantly labeled 
(white arrows) as well as mesohyl cells that resemble archeocytes (red arrows). Some 
mesohyl cells are not labeled (yellow arrows). Blue, nuclei stained with DAPI. Red, 
membrane stained by CM-DiI used as a counterstain after fixation. Green, annexin 
homolog expression. Scale bars: A, 25 µm; B, 15 µm.  	
BA BA
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Appendix 4.1 General movement of CM-DiI-labeled cells during the first 24 hours 
after incubation 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). (A)  
0 hpi. Choanocyte chambers (dotted line) at this stage are intact. Note that there are a 
number of cells that are most likely not choanocytes labeled with CM-DiI (arrows), as well 
as some choanocyte chambers that aren't labeled with CM-DiI (solid line). (B) 6 hpi. By 
this stage, there are migrating archeocytes (arrows) found outside of choanocyte 
chambers (dotted lines). (C,D) 12 hpi and 24 hpi. Further increase of CM-DiI-labeled cells 
outside of choanocyte chambers, including in a range of cell types (arrows). Scale bars: A-
C, 25 µm; D, 20 µm. 						
C
BA
D
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Appendix 4.2 Examples of various CM-DiI-labeled cell types observed by 48 hpi 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). (A) 
Archeocytes (arrows) with a large nucleus compared to choanocytes (arrowheads). (B) 
Sclerocytes. Some of the sclerocytes are not yet mature (arrows), with a relatively smaller 
cell body and shorter elongation with no clear hollow cavity, indicating the spicule is still 
not completely developed. The other sclerocyte is a mature sclerocyte (arrowhead), which 
has a longer cell body and a hollow cavity spanning the cell where the developed spicule 
is contained. (C) Cells lining the spongin fiber. The spongin fiber appears as a cloudy, 
dense material when observed under lasers (dotted line), and is shown here outlined by 
CM-DiI-labeled cells. These cells are presumably spongocytes (arrows). The left-hand side 
of this image is closer to the edge of the juvenile body, and is hence the tip of the spongin 
fiber. As the cells near the tip (arrowheads) have a slightly different morphology with 
prominent nucleoli, these cells could be another cell type (e.g. spongocyte lineage-
committed archeocytes). (D) An example of an unidentified cell type (arrows), labeled with 
CM-DiI. These cells have extremely thin, elongated pseudopodia (or filopodia) spanning 
long distances. Scale bars: A-D, 20 µm. 
B
C D
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Appendix 4.3 CM-DiI-labeled pinacocytes lining the epithelial layer of juveniles 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). (A) 
Pinacocytes (presumably exopinacocytes) lining the edge of the juvenile body, labeled 
with CM-DiI (arrows), along with an archeocyte (arrowhead) at the base of the cell (18 hpi). 
(B) At later stages (48 hpi in this image), these CM-DiI-labeled pinacocytes are often 
observed in close proximity to each other, lining the epithelial layer. (C) An image taken 
near the surface of the juvenile, showing exopinacocytes (most likely the same type found 
in A and B) from a different angle (arrows). These cells and their net-like plasma 
membranes are clearly lining the epithelial layer of the juvenile. (D) The same image as C, 
with the brightness of the DAPI channel increased to display non-CM-DiI-labeled cells that 
are part of the epithelial layer (arrows). This shows that the CM-DiI-labeled pinacocytes 
are forming a part of the epithelial layer (outlined by dotted line). Scale bars: 20 µm. 
 
  
C D
A B
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Appendix 4.4 Principal component analysis of the choanocyte samples from the cell 
type specific CEL-Seq dataset in Chapter 3 
The PCA shows most of the samples from different individuals are clustered together. 
Different colors represent the different individuals from which the choanocyte chambers 
were collected (Red: sponge A, Blue: sponge B, Green: sponge C).  	
Appendix 4.5 Differentially expressed gene lists between choanocyte clusters A and 
B *  
An excel spreadsheet containing the Aqu2.1 gene models of the genes differentially 
expressed between the two clusters identified within choanocyte samples. The list 
contains sequence description (from BLAST), number of GO terms and their GO IDs, 
Enzyme Codes, and InterProScan annotations for each gene model. Cluster A contains 
504 genes and cluster B contains 184 genes. 
*File available online via CloudStor+  
(Cloudstore link: https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC 
password = amphimedon).      
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Appendix 4.6 CM-DiI-labeled cells with altered morphologies in choanocyte 
chambers 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). 
Dotted lines outline the choanocyte chamber, while the solid lines outline the cell(s) with 
unique morphology. (A) A number of cells that seem to be inside a choanocyte chamber, 
with a potentially connected basal region. (B) An example of cell(s) that seem to be 
connected, with only one clearly visible nucleus observable. (C) Another example of cells 
that appear connected, along with filopodial extensions of the membrane. Scale bars: 10 
µm. 			 	
A B
C
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Appendix 4.7 CM-DiI-labeled archeocytes near choanocyte chambers with putative 
apoptotic nuclear fragments  
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). 
CM-DiI-labeled archeocytes (arrows) with putative apoptotic nuclear fragments (small 
DAPI signals within a single cell, aside from the nucleus) are found near choanocyte 
chambers (dotted line). There are also cells that seem to be still inside choanocyte 
chambers that also have multiple DAPI signals (arrowheads), presumably apoptotic 
nuclear fragments. Scale bars: 20 µm. 
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Appendix 4.8 Unidentified archeocyte clusters labeled with CM-DiI 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). (A) 
A cluster of CM-DiI-labeled cells (dotted line), presumably archeocytes due to their large 
nucleus and nucleolus. A small cluster of cells next to it (solid line) could be an early 
choanocyte chamber, judging by the nuclei size. (B) Another example of an archeocyte 
cluster labeled with CM-DiI (dotted line), along with a similar structure that is not labeled 
with CM-DiI (solid line). As there is a hollow space in the middle of the cluster, along with a 
cloudy, dense material (arrow), this structure is most likely a cross-section of the tip or a 
very narrow spongin fiber. Scale bars: 20 µm. 
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Appendix 4.9 Time-lapse video of 'cell highways' observed in a juvenile A. 
queenslandica * 
Time-lapse video of an A. queenslandica juvenile (10 days post resettlement) 
demonstrating cells moving in an organized manner. Image above shows a screenshot of 
the video, with 'cell highways' indicated with white dotted lines. Time-lapse was taken on 
the Nikon Eclipse Ti inverted microscope, and processed as "Best focused planes" video 
using the NIS Elements software (Nikon).  
*Video file available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
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Appendix 4.10 CM-DiI labeled cells moving along 'cell highways' 
Nuclei are stained with DAPI (blue) and cells are labeled with cell-tracker CM-DiI (red). (A) 
Examples of CM-DiI-labeled cells moving along 'cell highways' (dotted line). This area is 
close to the center of the juvenile, and is therefore relatively dense with cells both labeled 
and not labeled. (B) An example of a cluster of CM-DiI-labeled cells (arrow) close to the 
edge of the juvenile (top-right), with a potential 'cell-highway' with CM-DiI-labeled cells 
leading to it. Scale bars: 100 µm.  
A
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Appendix 4.11 Time-lapse video of 'cell highways' collapsing over time in a juvenile 
A. queenslandica * 
Time-lapse video of an A. queenslandica juvenile (27 days post resettlement) 
demonstrating 'cell highways' collapsing over time. This juvenile was recorded for a total of 
12 hours over 3 time-lapse acquisitions. The video file contained is the last time-lapse, 
consisting of 8 hours of footage. (A) A screenshot of the beginning of the first time-lapse, 
showing the position of major 'cell highways' (white dotted lines). (B) A screenshot of the 
end of the 12 hours, showing loss of organization in cell movement. This video also 
demonstrates body contraction (Nickel, 2004) behavior occuring in an A. queenslandica 
juvenile. Time-lapse was taken on the Nikon Eclipse Ti inverted microscope, and 
processed as "Best focused planes" video using the NIS Elements software (Nikon).  
*Video file available online via CloudStor+  
(Cloudstore link: https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC  
password = amphimedon). 
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Appendix 4.12 EdU labeling in juvenile choanocyte chambers shows variation in 
proliferation rates of individual chambers is not necessarily size or location 
dependent  
Revisiting Figure 2.10 from Chapter 2. Nuclei are stained with DAPI (blue) and EdU 
(green), and cilia and cytoplasm immunofluorescently labeled with both anti-acetylated 
alpha tubulin antibody and anti-tyrosinated tubulin antibody (red). Juvenile labeled with 
EdU from 72 to 78 hours post resettlement. White lines indicate proliferative chambers 
(small chambers: dotted line, large chambers: solid line), while orange lines indicate 
chambers with little to no proliferation (small chambers: dotted line, large chambers: solid 
line). The right bottom corner of the micrograph is closer to the center of the juvenile, and 
the top left corner is the outer edge of the juvenile. Many EdU-positive nuclei are found 
throughout the juvenile body. There are variations in the number of EdU labeling found in 
chambers ranging from little to no EdU signals to many or all nuclei labeled with EdU. This 
variation does not seem to be dependent on choanocyte chamber size, or location 
dependent in relation to the center of the juvenile body.   	
80um
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Appendix 4.13 Time-lapse video of choanocyte chambers moving over time in a 
juvenile A. queenslandica * 
Time-lapse video of an A. queenslandica juvenile (10 days post resettlement) 
demonstrating choanocyte chambers moving over time. (A) A screenshot of the beginning 
of the time-lapse, showing many choanocyte chambers lined next to each other (white 
arrows). (B) A screenshot of the end of the time-lapse, demonstrating many choanocyte 
chambers relocated during the course of the time-lapse. Time-lapse was taken on the 
Nikon Eclipse Ti inverted microscope, and processed as "Maximum Intensity Projection" 
video using the NIS Elements software (Nikon).  
*Video file available online via CloudStor+  
(Cloudstore link: https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC 
password = amphimedon). 
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Appendix 4.14 Time-lapse videos of preliminary trials of fluorescent live-imaging 
using CM-DiI to label choanocyte chambers in juvenile A. queenslandica * 
Time-lapse videos of A. queenslandica juveniles (5 days post resettlement) labeled with 
CM-DiI. (A) A screenshot of the time-lapse video of CM-DiI labeled choanocyte chambers 
(videos 4.14 A1&A2). Video A1 is a merge of the CM-DiI (red: 543 nm) and photomultiplier 
tube (light: PMT) channel. Video A2 is the same video with the CM-DiI (grayscale) channel 
only, to demonstrate better the capacity of fluorescent cell-tracking using CM-DiI. Note that 
while there are a number of well-labeled cells including choanocytes, there are many 
punctate signals making the image noisy and difficult to interpret. (B) A screenshot of the 
time-lapse video of a juvenile labeled with Hoechst and CM-DiI labeled choanocyte 
chambers (videos 4.14 B1&B2). Video B1 is a merge of the CM-DiI (red: 543 nm), Hoechst 
(blue: 405 nm) and the photomultiplier tube (light: PMT) channel. Video B2 is the same 
video with the CM-DiI (grayscale) and Hoechst (blue) channels only, to demonstrate better 
the capacity of fluorescent cell-tracking using CM-DiI. As observed in videos A1 and A2, 
there are a number of well-labeled cells including choanocytes as well as many punctate 
signals making the image noisy and difficult to interpret. Time-lapse videos were taken on 
the ZEISS LSM 710 META confocal microscope, and processed as "Maximum Intensity 
Projection" videos using ImageJ. 
*Video file available online via CloudStor+  
(Cloudstore link:	https://cloudstor.aarnet.edu.au/plus/index.php/s/8Eich38FEZe1WmC 
password = amphimedon). 
 
 
 	
BA
